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ABSTRACT

Mean velocity profile data are reported for blown,
unblown, and sucked accelerated boundary layers. The pressure
gradients investigated are those corresponding to constant

du

values of the pressure gradient parameter K = _1?'522 . The
U

[+ o]

6 6

three values of K considered are 0.57 x 107~ , 0.77 x 10 "~ ,
and 1.45 x 10'6 . For each pressure gradient, the surface
boundary conditions ¢ ver a range of constant blowing and
sucking fractions from F = -0.004 to 0.006 .

The friction factor was found to be decreased by the
imposed acceleration for suction, whereas for blowing an
increase was indicated. This is based upon a comparison
with zero pressure gradient data for equivalent local momentum
thickness feynolds number and blowing parameter B .

Velocity profiles corresponding to these accelerated
flows were found to deviate from those characteristic of
zero pressure gradient flows. These deviations in the fully
turbulent and wake regions of the boundary layer apply over
the range of blowing and sucking fractions investigated.

For boundary layers where local momentum thickness
Reynolds number is invariant in the flow direction, velocity
distributions near the wall were found to be similar in
ut vs yt coordinates. In the exceptional cases where
similarity was not observed, substantial structural changes
in this region are suggested.

The corresponding velocity distributions far from the
wall were found to attain similarity in U/U_ vs y/b coor-
dinates and velocity-defect coordinates. These outer region
coordinate systems are equivalent in these cases, as a result
of the relative constancy of friction factor in the flow
direction.
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Unique values of local momentum thickness Reynolds
number, Re52 > and shape factor, H , were found to be
associated with these boundary layers for given value of the
parameter K and blowing or sucking fraction F .

Semi-empirical representations of these data in the form
of simple Prandtl mixing length distributions are presented.
The inner regions of the layer are represented by means of a
two-layer model and a continuous model. The outer regions
are represented by an appropriate truncation of these dis-
tributions.

Utilizing the resulting eddy-diffusivity relations in
a finite-difference procedure, predictions of the present
data were obtained. Agreement with the data is found to
be acceptable for most engineering purposes.
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oL Re,, Reynolds number based on hydraulic diameter
| of probe mouth
I
Rex Reynolds number based on position along the plate,
U X
v
, Re52 Reynolds number based on momentum thickness,
; : Uds
ot v x
;b y
; R, Integrated X-Reynolds number; R = = ax
i
N } n o)
St Stanton number, 1537—3—
L =P
, 4 o
! T temperature, R
4 ; _E t temperature, Op
-
..3 ; U velocity in the mainstream direction, ft/sec
o ut dimensionless velocity; Ut = U/U;
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ol v velocity perpendicular to the wall, ft/sec
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Vﬁ dimensionless blowing velocity; Vw = V'w/UT
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S

inches; y = O at plate surface
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y dimensionless distance; y+ = —

dimensionless distance based on local shear stress;
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2z transverse distance across the plate, inches; the

-

X, y, and z directions are a left-handed set

a,b,c, denote constants
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g equilibrium” parameter; p = = ax
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A2 enthalpy thickness of the boundary layer;
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shear stress, 1bf/1‘t2

r tt dimensionless shear stress; T = %—
w
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§ a denotes position at which pressure gradient is
g ! imposed
f T c denotes critical position at which viscous sublayer
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8 accelerated state
i i p denotes profile estimate
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~ St denotes estimate based on Stanton number data
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CHAPTER I
INTRODUCTION

The turbulent boundary layer with non-zero normal
velocity Vw at the surface is of practical interest since
injection and suction of fluid at a surface are utilized for
thermal protection and boundary layer control, respectively.

In most of these applications, the mainstream fluid is locally

accelerated or decelerated; hence, the combined effects of
transpiration at the surface and acceleration of the main
flow must be considered in system design,

Since tere is no adequate theory for shear flow turbu-
lence, existing turbulent boundary layer "theory" relies
heavily on experimental results. Well documented velocity
measurements are necessary to extend the theory so that these
combined effects are properly represented,

The present investigation is concerned with the fluid
dynamics of accelerated turbulent boundary layers with in-
jection or suction of Tluid at the surface., Experiments are
restricted to boundary layers characterized by constant

du
values of the acceleration parameter K(K = —Xg-——3> and
U dx

[o o}

blowing fraction F(% = %%%%E> . The specific flows con-
[+

sidered are further characterized as: two-dimensional,
constant property flow over a uniformly permeable surface,
where the pore opening and pore spacings are small enough to
insure an aerodynamically smooth surface with uniform in-
jection or suction.

A. Review of Previous Experimental Wcrks

In recent years a number of experimental hydrodynamic
investigations have been concerned with blown (Vw > 0) and

1
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sucked (Vw < 0) turbulent boundary layers (1-17]. Only two
of these investligations are known to consider the effects of
acceleration of the main flow. Experimental hydrodynamic
investigations of accelerated boundary layers on impermeable
surfaces have also been reported [18-24]. Results of these
experiments relevant to the present study are briefly dis-
cussed.

A.1. Cases of constant free-stream velocity with

transpiration

Simpson [17] presents a detailed review of the
experimental investigations, up to 1967, in the case of zero
pressure gradient. The reader is referred to this review
which will not be repeated here.

The experimental data of Simpson, obtained on the same
apparatus as used for the present investigation, are believed
to represent a reliable and consistent set of hydrodynamic
data covering the widest range of both blowing and sucking
conditions. These data are also documented in a manner suf-
ficient for purposes of comparison and correlation with the
present data. As a result, these data and associated cor-
relations proposed by Simpson are utilized in the present
study.

A.2. Accelerating flows without transpiration

The relevant experimental investigations of ac-

celerated flows on impermeable surfaces may be categorized
as: 1) mild pressure gradient flows of the turbulent
"equilibrium" type, or 2) strong pressure gradient flows
where the onset of relaminarization is of major concern.

The experiments of Herring and Norbury [18] represent
one of the major contributions in mild pressure gradient
turbulent boundary layer investigations. Velocity-defect
distributions for accelerated boundary layers were established
corresponding to values of the dimensionless pressure gradient

2
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parameter £(p = bl/ww dP/dx) of -0.35 and -0.53 . These
velocity-defect profiles are shown to be similar in t.e outer
regions of the layer, as previously proposed by Clauser [25].
Their data agreed well with the thecretical predictions of
Mellor and Gibson [26], which are based uron "equilibrium"
theory. It is shown in section B of this chapter that the
unblown asymptotic boundary layer flows considered 1in tne
present study are also constant £ flows where B < -0.5
These findings suggest that "equilibrium" theory might pos-
sibly extend to the strongly accelerated flows presently
considered.

The experiments of Launder et al. [19-21] nave been con-
centrated in the area of strongly accelerated boundary layer
flows. The major concern in these investigations has been
to determine the onset of relaminarization, The majority of
the investigations of Launder et al. were concerned with
constant K accelerations, shown to be an important parameter
by several studies. The thermal measurements made by Moretti
and Kays [27] for strong, constant K , accelerated flows
indicate very substantial dacreases in Stanton number wnich
could be roughly correlated with the parameter K . In con-
current studies made by Kline, Reynolds, Schraub, and
Runstadler [22] it was demonstrated that the burst frequency
of turbulent disturbances originating at the wall also cor-
related with the parameter K .

Launder and Stinchcombe [20] studied constant K ac-
celerations where tne local momentum thickness Reynolds
number, Reg, , approached an asympt-.ic limit. It was
observed tha% the velocity rrofiles were similar in such a
boundary layer for values of K = 0.7 x 10'6 , 1.25 x 10'6
and 3 x 107~ . Velocity profile similarity is predicted
by the exact laminar solution® for constant K accelerations,

*
The reader is referred to reference [28] for a statement of
indicated laminar sclution.

3
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suggesting similarity through values of K corresponding to
complete relaminarization. Profiles for these strongly ac-
celerated flows are shown to differ from those corresponding
to turbhulent boundary layer flow over an impermeable flat
plate., As K was ircreased, a continuous shift from a
typical turbulent profile was exhibited. This shift is char-
acterized by an "overshoot" of the velocity profile from that
corresponding to the "law of the wall" and a simultaneous de-
crease of the wake region. Later experiments of Launder and
Jones [21] ao not corroborate the quantitative results of
Launder and Stinchcombe even though performed on the same
apparatus, but the same qualitative conclusions were found
to anply. This profile "overshoot" is consistent with the
findings, presented in reference [22], that a decrease in
the burst rate of turbulent disturbances originating at the
wall is associated with an increase in K , resulting in a
reduction of turbulent fluctuations at the wall.

The experiments of Radri Naroyanan and Ramjie (23],

concerned with both constant and variable K flows, demonstrate

the same profile "overshoot" beravior.

The experiments of Patel and Head [24] were concerned
with boundary layer flows for which K was strongly varying.
The characteristics observed in the initial adjustment of
the layer to the imposed pressure gradient are noteworthy.
For accelerations where the parameter K 1is increasing in
the flow direction, the profiles are shown to initially
"undershoot" the "law of the wall" and then approach the
previously observed "overshot" appearance in a continuous
development. Although corroborative experimental data is
not known to exist, this behavior is thought to be indicative
of the inability of similarity data to adequately represent
boundary layer flows in which K 1s strongly varying. Non-
similar flows of this type are of importance, but are not
treated in the present study.
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A.3. Accelerating flows with transpiration

The characteristics found in accelerated boundary
layers on impermeable surfaces will undoubtedly be present
when blowing or suction at the surface is introduced. In the
work of Simpson [17], the effects of transpiration in zero
pressure gradient flows are shown to be quite substantial in
terms of order of magnitude reduction in friction factor
with blowing and corresponding increases with suction. Mean
profile appearances are also shown to significantly deviate
from those of flow over an impermeablie flat plate; upward
shifts of the velocity profile from the "law of the wall" with
blowing and dovnward shifts with suction are indicated.
Although these characteristics arsociated with transpiration
are also expected in the combined case. any successful attempt
to represent the boundary layer characteristics would be only
fortuitous if based on data where each effect has been isolated.

Only two experimental works are known to exist here ine
combined cese was investigated. Each considered only blown
layers anc an insufficient amount of experimental data to
adequately represent the toundary layer characteristics.

Romanenko and Kharchenko [7] present friction tactor and
Stanton number data but no profiles of velocity or temperature.
Insufficient documentation of the conditions under which these
data were obtained in the combined cases, including a speci-
fication of the free-stream velocity discribution, prevents
its utilization in the present study-.

Tn the experiments of McQuaid [10], friction f ctors
were not measured in the two combined bYiowing and acceleration
runs made. This presents a ~estriction on the formulaticn of
data correlations. Utilizing friction factors corresponiing
to Stevenson's inner law [29], McQuaid was able to predict
momentum thiclkness distributions which agreed weil with the
experimentally determined distributions. Although this agree-
ment is found to exist, this is considered not to be a

5
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sensitive test of friction factor when blown boundary layers
are considered.

It is concluded that a need still exists for a complete
set of documented data for the combined case, where friction
factors are accurately known,

B. Descripticn of Asymptotic Boundary Layer Fiow

The asymptotic boundary layer flows considered in the
rresent study are characterized by acceleration at a constant
velue of X and transpiration at a constant value of F .

To 1llustrate the necessity of these boundary conditions, the
two-dimensional momentum integral equation can be presented
i the form

dReéz Cf ,
de = 5 - Re52(H+L)K + F
{I-1)
Uoo
where dRX = o dx

For constant values of X and F , the boundary layer develops

such that the terms on the right-hand side of equation (I-l)

dReg
balance, forcing the derivatlve IR 2 to zero. 3Such a
P

boundary layer will be c.assified &s asymptotic in the regime

where Reaz is maincained constart. Note that this condition

requires a ccnstant friction factor C, for similar profile
development.

These asymptotic flows are also constant £ flows in
the event similar profiles exist. For zero blowing, sub-
stitution of the asymptotic form of equation (I-1) into the
definition of £ yields

H
B = -m . (I°2)

6
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The data of Launder and Stinchcombe [21] show the existence
of similar profiles for asymp“otic accelerated boundary layers
where equation (I-2) indicates that these are constant B
flows where P < -0.5

The present study is restricted to these asymptotic
boundary layers for purposes of convenience. For asymptotic
or near-asymptotic flows, equation (I-1) yields one method
of estimating friction factor, where the derivative,
dRe&,2

TR represents a correction to the asymptotic form of
X

equation (I-1). This is a desirable characteristic since tne
direct measurement of friction factor is not available on the
present apparatus. When the friction factor remains constant
these flows are also characterized by constant values of tne
blowing parameters B and V! , as well as p* . These
characteristics are desiratle in the formulation of data
correlations.

C. ObJjectives of the Present Research

The motivations for the present research can be summarized
as follows. Turbulent boundary layer theory is heavily depen-
dent upon the results of experimental studies where specific
effects have been isolated. Several experimental investiga-
tions have been reported where the effects of transpiration
and the effects of strong acceleration of the main flow are
considered independently. The few experimental investiga-
tions where the ccmbined effects have been studied are in-
sufficient to represent the boundary layer characteristics
resulting from the coupling of these effects.

The overall objective of the present work is to investi-
gate and record the fluid dynamic beaavior of the turbulent
boundary layer where the combined effects of transpiration
and acceleration are present. The range of blowing, suction,
and acceleration considered is that covering most practical

7
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applications where turbulent boundary layer theory is
appropriate. The following subdivisions of this obJjective

are:

l.

To tabulate and document mean velocity profile data
taken on the Stanford Heat and Mass Transfer
Apparatus.

To obtain skin friction results from the mean velocity

profiles and estimate the reliability of these data.

To examine the mean velocity profiles for develop-
ment and similarity characteristics in asymptotic
boundary layer flows,.

To obtain semi-empirical representations of these
results in the form of simple "equilibrium" eddy-
diffusivity models.

To incorporate the resulting eddy-diffusivity rela-
tions into a finite-difference procedure that will
analytically reproduce the experimental data and
provide a basis for prediction of situations not
covered by the experiments,

In the chapters to follow, the fluid dynamic character-

istics of the present apparatus are briefly described as well
as the velocity profile instrumentation.

velocity profiles are presented, and data necessary to de-

scribe the conditions under which they were obtained are

documented. Finally, the indicated eddy-diffusivity rela-

tions and the resulting predictions of the present experi-

mental data are presented.

Then the experimental

-
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CHAPTER II
EXPERIMENTAL APPARATUS

A. Brief Description of theAgppgratus*

The apparatus used in the experiments consists of a 24-

segment porous plate, 8 feet long and 18 inch wide. The

late forms the lower surface of a test duct of rectangular
cross-section, 20 inches wide and 6 inches high at the inlet
end of the duct. The upper surface is adjustable to achieve
the desired velccity distribution along the duct. The 1/4-
inch thick plates are smooth to the touch and are uniform in
porosity within +6 percent in the six inch span centered on
the test duct centerline, where velocity profiles are taken.
Separate mainstream and transpiration blowers provide the
system with air, while heat exchangers are used to control
air temperature.

Conventional temperature and flow rate instruments

were used to control the operation of the apparatus. Mean
velocity profiles were taken with stagnation pressure probes
and manual traversing equipment. The probes used for boundary
layer surveys have a flattened mouth 0.012 inch by 0.035 inch.
The dynamic pressures were measured with calibrated inclined
manometers. The probes were attached o traversing instru-
ments fastened to a rigid support frame. These spring-loaded
micrcmeter-driven instruments provide for the change and
measurcment of the probe distance from the test wall.

B. General Physical Arrangement

The Heat and Mass Transfer Apparatus is a two-story
facility with the operating controls and heavy hardware

*
A complete description of this apparatus is contained in
references 17, 30, and 31.
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on the ground level, and the test section on the second floor
of a 15-foot tower. The first floor operating area is ap-
proximately 10 by 12 feet, as is the deck comprising the second
floor. Photographs of the operating console area, and of the
test section area, are shown in Figures 1 and 2, respectively.

The objective of the apparatus is to provide and control
three general systems: main air stream over the test plate,
transpiration air through the test plate, and electric heater
power to the test plates. This is accomplished by the system
shown schematically in Figure 3, the Test Apparatus Schematic.

Those characteristics of the air systems relevant to the
reliability of the present experimental data are briefly
discussed.

B.1. Main air system

The flow path of the main air stream is as follows:
(1) inlet air filter, (2) mainstream flow control valve,
(3) main blower, (4) mainstream heat exchanger, (5) screens,
(6) plenum chamber and primary nozzle, (7) test section.
This system provides a velocity of approximately 44 ft/sec
at the primary nozzle exit at full flow.

The heat exchanger located at the upstream end of the
nozzle acts as a flow straightener, as well as a means of
control on the air temperature. Measurements taken by
Moffat [30] in the entrance end of the test section show that
the temperature is uniform within 0.25 oF, under usual oper-
ating conditions, in the core of the mainstream.

The plenum chamber and primary nozzle provide a two-
dimensional contraction from the heat exchanger to the test
section. The area ratio is 4:1, and the nozzle is designed
for uniform acc~leration of the flow to yield a uniform
velocity profile at the entrance to the test section.
Boundary layer suction is not used on this apparatus.

Initially, a 7O-mesh brass screen covered the flow area
downstream of the heat exchanger. It was later found

10
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necessary to repliace this screen with a double screen system,
to attain a more uniform boundary layer development within
the nozzle for the strongest pressure gradient flows investi-
gated. The double screen system consists of a single 100-
mesh and a single 50-mesh screen separated 3/4 inch from one
another.

A trip, of 3/8-inch wide 50(1) coarse grid carborundum
garnet paper, is located at the exit edge of the transition
section joining the nozzle to tne test section. The trailing
edge of the trip is located 1/8 inch upstrean of the porous
test section., When the double screen system was installed,
an additional trip was fastened to the lower wall of the
nozzle 17 inches upstream of the porous test section. The
new trip consists of a 1/16-inch high by 1/4-inch wide
bakelite trip and it was positioned to aid in the development
of a uniform turbulent boundary layer at the trailing edge
of the downstream trip, with a minimal momentum thickness.
Each trip is extended the full width of the duct.

The test section coneists of three plexiglass pieces:
two side walls, fastened to the test plate structure, and an
adjustable upper surface. ULifferent top covers are available
to accommodate different free-stream velocity and blowing (or
sucking) distributions,

B.2., Transpiration system

The fiow path of the transpiration system is as
follows: (1; inlet air filter, (2) transpiration blower,
(3) transpiration flow heat exchanger, [4) transpiration
flow header, (5) flow meter bank, (6) delivery tubes to the
individual plate sections.

The transpiration heat exchanger allows control of the
transpiration air temperaturec. Operating the entire tran-
spiration header system at a uniform temperature equal to
the ambient temperature prevents heat transfer between the

11



transpiration system and the ambient environment. A single
temperature measurement in the entrance of the header is then
sufficient to determine the temperature of the flow through

all twenty-four flowmeter systems fed from the header. Traverses

across the deiivery duct, at the entrance to the header, have
shown that the temperature there is uniform within 0.3 ©OF;
consequently, a single point temperature measurement is
representative of the flow condition.

The rig can be converted from blowing to suction by a
reversal of the twenty-four connecting tubes and blower con-
nection. There is no temperature control in the suction mode,
but none is needed due to tne high heat exchanger effectiveness
of the riser tubes. This results in all suction air being
brought essentially to room temperature before it reaches the
flowmeters.

All tube and hose connections were carefully inspected
for leakage to insure measurement of flow through each plate
was that through the associated Ilowmeter.

C. The Pcrous Plates and Test Plate Assembly

The porous plates used in this apparatus are made of
sintered bronze material. They have the following character-
istics:

1. Overall dimensions: 18.0 x 3.975 x 0.25 inches

2. Porosity: approximately 40 percent

3. DPorosity and flow rate uniformity: within +6 percent
in the center 6-inch span

4, Surface roughness: maximum of 200 microinches (RMS)
measured with a stylus of radius 0,0005 inches

5. Particle shape: spherical (estimated 99 percent of
particles)
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6. Particle sizes: maximum diameter 0,007 inches,
minimum 0,0023, average diameter 0.005 inches.

No requirement exists that all plates have the same
porosity, simply that each plate be uniform across the center
6-inch span. In actual use, the transpiration flow rate is
individually measured for each plate in the apparatus, and
ample pressure is provided by the transpiration blower to
take care of porosity differences from nne plate to another.

The test plate assembly forms the bottom surface of the
test section. It is 20 inches wide and 96 inches long in the
flow direction, It is made of four subassemblies bolted to
a common support structure. Each subassembly consists of an
aluminum casting accommodating 6 individual porous plates.

A cross-section view of a typical compartment in the
test plate assembly is given in Figure 4. The use of pre-
plates and honeycomb on the underside of each plate was
found necessary to insure a uniform temperature in the air
flowing through each plate. Five thermocouples are embedded
in each plate to measure the surface temperature.

Porosity mappings of each plate were obtained by
Moffat [30]., These mappings are used to calculate that
fraction of the flow which passed through the center span of
each plate. Small corrections based on energy balance runs
made during thermal investigations are also applied to each
plate.

Variations in the transpiration mass flux through each
plate due to static pressure variations in the main air
stream were found to be negligible in the present study.

The largest pressure drop across the span of any plate, due
to the main flow acceleration, is on the order of 10 percent
of the pressure drop through the plate at the lowest blowing
fraction of 0,001. For each static pressure distribution in
the present experiments, thermal gradients, other than those
observed by Moffat in zero pressure gradient flows, were

13
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found not to exist in the plates when they are uniformly
heated and blowing or suction is applied.

D. Instrumentation

The instrumentation used in the present experimental
study 1is briefly described here.

D.1. Temperature

All measurements of gas temperature were made with
calibrated iron-constantan thermocouples described in detalill
in reference [30]. Temperature measurements relevant to this
fluid dynamic study include free-stream static, porous plate,
flowmeter, and ambient temperature.

D.2, Injection and suction flow rates

There are two flowmeters with different ranges
for each of the twenty-four individual test plates. The
meters, Fisher-Porter B4-27-10 and B5-27-10 Rotameters with
float types BSVT-45-A and BSVT-64-A, respectively, provide
measurement from 0.5 to 18,0 scfm per channel. Factory
calibrations for these meters were checked against laminar
flow elements, and against ASME orifice units. Agreement
between these calibrations and the factory furnished calibra-
tion curves was found to be within the accuracy ¢ the test
calibration; hence, the factory curves were used in all data
reduction., Downstream of each flowmeter pair is a U-tube
mercury mancmeter, measuring rotometer discharge pressure for
the density correction to the indicated flow.

D.3. Pitot probes

Three types of probes were used iIn the present
investigation: flattened mouth pitot probes, Kiel probes,
and Pitot-Prandtl prooes.

The flattened mouth pitot probes were used for all
boundary layer traverses., They are identical to those

14
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utilized by Simpson [17] for this purpose and are described

in detail by Simpsoni., Typical characteristics of these

probes are-

1. Probe mouth dimensions: 0.012 incn by 0,035 inch
2, Tube wall thickness: 0,0025 inch
3. Yaw and pitch plateaus: +10 degrees

D.4, Static pressure ports

Static pressure taps are located at 2 inch intervals
along one side wall of the test section. They are spaced
approximately 1 inch above the porous test surface so that
they remain below the top cover for all test runs made in the
present study. They are 0.040-inch diameter square-edged
holes flush witn the side wall with 1/8-inch 0.D. brass tube
hose connectors. According to Rotem [32], the static pressure
error incurred by these taps, due to wall shear effect, is
estimated to be about 0.0001 inches of water,

These side wall taps were tested against the static
pressure readings from Pitot-Prandtl probes located at the
centerline of the test section. The static pressure ports
of the probes w2re aligned with the side wall tap and then
traversed through tre mainstream potential core. These tests
were made with and without transpiration and for different
upper wall settings to check for corner effects in the duct
and streamline curvature in the potential core of the main
air stream, respectively. The static pressure sensed by the
Pitot-Prandtl probes was found to agree with that sensed by
the side wall tap within 0.002 inches of water for all upper
wall settings used in the present study. All present data
were taken using the side wall pressure taps.

D.5. Pressures

Dynamic pressures were measured with four Dwyer
model no. 100.5 inclined manometers with mirror scales,

15
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reading directly in inches of water (-0.1 to 1.0) at 75 °F .
Each manometer was periodically calibrated against a Harrison
micromanometer, indicating a difference of no more than

0,002 inches of water with 0,001 being the common value.

D.6. Distances

Each probe was positioned relative to the porous
wall with an individual traversing mechanism. These traversing
mechanisms were mounted on a rigid supncrt frame bolted to
the structure supporting the test plate assembly. The longi-
tudinal position of each traversing mechanism relative to a
reference mark on the support frame is determined by means
of spacers, Corrections were made for the longitudinal
position of the probe mouth with respect to the traversing
mechanism, yielding the distance from the beginning of the
test section to the probe mouth.

The micrometer-driven traverse mechanisms allow the probe
to be advanced toward or away from the porous wall, with
accurate alignment of the probe mouth in the flow direction.
Although the least count is 0,001 inch, it was found that the
micrometer could be advanced rerpeatedly to within 0,0002 inch,
providing the micrometer was always advanced in the same
direction to eliminate backlash.

A more complete description of the traversing mechanism
and the associated support frame is contained in reference

[(171].

E. Qualification of the Apparatus

E.1. Sunmary

Velocity profile data taken on the apparatus were
found to be "normal" and acceptable for incompressible flow
over the impermeable flat plate for the range of free-stream
velocities encountered in the present pressure gradient runs.
Less than 3/8 percent variation was fou. . in the velocity in

H
t-
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the potential core. Discrepancies in experimental resultc
using the two-dimensional energy integral equation were main-
tained on the order of the experimental uncertainty of these
data, suggesting that if three-dimensional .lows exist in the
present experiments they are weak,

The test surface was found to be aerodynamically smooth
for all impermeable 1lat plate data examined for the ran.e of
free-stream velocities indicated.

It appears that the test surface is aerodynamically smooth
for all blowing, suction, and acceleration conditions investi-
gated,

E.2, PFriction factors and mean velocity prefiles for

the impermeable flat plate

Although pressure gradient flows are the major con-
cern in the present study, the apparatus should produce accept-
able impermeable flat plate data at the free-stream velocity
levels encountered. The two requirement. considered are:

1. The generally accepted correlation of friction factors

Ce

_1/4

5 (rx-1)

should be satisfied, as it was in the experiments of
Simpson [17].

to those considered "normal" by Coles [33].

Impermeable flat plate runs were made at free-str=am
velocities of 42,86, and 126 ft/sec, ra2spectively. An
acceleration of the flow preceded tne regior wnere the free-
stream velocity was maintained constant. Compariscn of the
present data for Uy, = 42 ft/sec with that of Simpson at the
same level of free-stream velocity indicates that the effect
of trn*s initial acceleration is negligible. Figure 5 shows

17
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the ccmparable agreement of these data with the friction

facter correlation given by equation {II-1). The corresponding
Ut +s y* profiles are also shown to be in agreement with the
accepted "law of the wall" in Figures 6 and 7.

Friction factors were obtained for these impermeable
flat plate runs using a momentum integral equation method,
described in Chapter III. Here, the concept of a "virtual"
origin is utilized. The '"virtual" origin is defined as that
location from which the boundary layer appears to have begun
assuming a uniform turbulent behavior everywhere. The
"virtual" origin was calculated for each profile utilizing

tne relation

62 -
= = 7
3 0.037 Rex

0.2 (1I-2)

This veriation of &, with X agrees with the friction factor
correlation given bty equation {II-1). The maximum percentage
deviation of the "virtual" origin locations, corresponding to
all profiles tor a given test run, is +3 percent. Friction
factors were ottained by means of a power fit to the experi-
mental Rep, Vs Re  varlation, with X measured from the
"virtual" origin location corresponding to the upstream pro-
file for each test run. These friction factors are compared
with equation (II-1) in Figure 5, where the maximum deviation
of the data from this relation is shown to be +7 percent.
inasmucn as the experimental uncertainty of i‘hese data is
approximately +5 percent, this agreement is Cconsidered accept-
able for the purposes of the present study.

Figures 6 through 9 show the mean velocity profile data
in wall coordinates (U' vs yt) . With the exception of the
run tor U, = 126 ft/sec, the logarithmic region of the pro-

0

files is best fitted by

+ 1

U = -O—.m £n|y+| + 5-55 (II_B)
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This uses the mixing length <onstant and intercept as proposed
by Simpson. The result of using the values proposed by
Coles [33] is also presented for purposes of comparison. The
data for U, = 126 ft/sec lie below both of these relations
due to experimental uncertainties in Cg/2 and possible sur-
face roughness (see further discussion of surface roughness
below).

AU

Denoting the maximum deviation 7= from equation (II-3)
T

as the Strength of the Wake, Coles [33] classified boundary
layers as "normal" if their wake strength is within +20 percent
of values given by the empirical relation

- (Reg,-500)
AU (Resy
W = 2.65 l-exp( B50 ) (II—'-#)
for Reg. > 500 . This criteria results from Coles classifica-

tion of nearly 500 impermeable flat plate profiles observed
by independent investigators.

The unblown flat plate data in the present study was
tested for the Strength of the Wake. Using the log region
fit given by equation (II-3), the Strength of the Wake values,
given on Figures 6 through 9, are within +10 percent of
values predicted by equation (II-4). This agreement is
similar to that observed by Simpson and, hence, the present
impermeable flat plute data is considered "normal" and

acceptable.

E.3. Mainstream conditions

Differential traverses made by Moffat [30] at axial
locations along the duct show that, within the potential flow
core, the velocity variation is less than 3/8 percent across
any one plane, These measurements were made with the single
screen system and no larger deviations were measured after
the installation of the double screen system.

19
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With the single screen system, hot wire anemometer
measurements indicated a free-stream turbulent intensity

v u'2/U_ of 1.2 percent for U, = 44 ft/sec. The double
screen system reduced this intensity level to 0.8 percent

for Uy, = 44 and 25 ft/sec. A spectral analysis of this
fluctuation data shcwed substantial contributions at the
blower frequency (55 cps) and higher harmonics of this fre-
quency. These may reflect the coupling of the blower noise
to the tunnel system rather than a typically random turbulent
fluctuation in velocity. Turbulence levels of 1 percent or
more would normally result in distortions of the profiles
from the "rormal" shapes described by Coles [33].

E.4. Two-dimensionality of boundary layers

A unique method of determining the degree of two-
dimensionality of the boundary layer is utilized in the
present study. Direct measurements of Stanton numbers are
available from which enthalpy thickness distributions can be
calculated by integrating the two-dimensional energy equation.*
These calculated values can be compared with those obtained
using centerline velocity and temperature profiles at selec-
tive stations. The discrepancy between the two estimates 1is
indicative of the degree of two-dimensionality.

For the most part, the calculated and measured enthalpy
thicknesses agree within the experimental uncertainty of the
data which is approximately 18 percent for all unblown and
blown flows and which reach a maximum of +20 percent with
strong suction (F = -0,002). Larger deviations are found
to exist in some of the test runs for those profiles taken in
the constant free-stream velocity approach region, but not in
the pressure gradient region which is of major interest. This

*
The reader is referred to reference [33] where all cor-
responding thermal data is reported and discussed.
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suggests that if weak three-dimensiocnal flows exist in the
present data they are acceptable in view of the experimental
uncertai..ty of these data.

For very low momentum and enthalpy thickness Reynolds
number flows, small transverse variations in enthalpy thickness
within the boundary layer, which are acceptable for thicker
layers, become significant in this method of determining the
degree of two-dimensionality. For this reason, it was found
necessary to modify the apparatus for the test runs where
K= 1.45 x 10"6 in order to obtain the indicated agreement
among estimates of enthalpy thickness. The installation of a
double screen upstream of the nozzle and the addition of a
trip inside the nozzle minimized the transverse variations
which existed.* For an indication of the detailed character-
istics of these variations, the reader is referred to
reference [17] where transverse velocity and temperature profile
data taken prior to this modification are presented.

The discrepancies in the estimates of enthalpy thickness
are given in Appendix A for each velocity profile where suf-
ficient thermal data was available. With a ew minor exceptions,
this covers the velocity profile data correspcading to blowing
and sucking fractions from F = -0.002 to 0.006,

E.5. Surface conditions

To satisfy the requirements of the ideal model,
the porous surface must be aerodynamically smooth. In addition,
the pore opening and pore spacing must be small such that the
Vw inertia forces are small compared to the viscous forces at
the surface.
Simpson {17] demonstrates, by means of appropriate models,
that the latter of these two requirements is satisfied on the

present apparatus. He further assumed that the plate "surface"

*A description of the screen and trip arrangements is given in
Section B.1l of this chapter.
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is in the plane of the particle crests for purposes of locating
the "effective" no slip condition. The same location ‘f the
plate "surface' was assumed in the traverses of the present
experimental study.

Restricting attention to flows over an impermeable flat
plate allows an estimate of the test surface roughness and
its influence on the present veliocity profile data. According
to the data of Nikuradse [36], if the surface particles are

. Uk
within the "viscous sublayer” (T%VE < 5 where k= particle

size) the surface is aerodynamically smooth. Utilizing this
criterion and the measured RMS roughness value of 0,00c2 °~ 1

for kw , it follows, that for U, = 100 ft/sec and cf/z =

Urky :
0.00300, 337~ = 0.6 and the surface is smooth.

The impermeable flat plate data taken at different free-
stream velocities yields a check on this preliminary analysis.
In Figures 6, 7, and 8, it is shown that for free-stream
velocities of 42 arnd 86 ft/sec, UY vs yt relationships are
the same in the logarithmic region. If roughness was important,
it is expected that this Ut vs y+ relationship would change
with U In Figure 9, the profiles for U, = 126 ft/sec
are shown to be below the accepted "law of the wall" cor-
responding to smooth wall data. This is thought to be the

X *

result of experimental uncertainties in Cf/2 and possible
surface roughness.

It is evident from previous experiments [19-23] that
acceleration has the effect of increasing the "viscous sub-
layer" thickness of boundary layers on impermeable surfaces.
Therefore, it is reasonable to conclude, on the basis of
these results, that the test surface is aerodynamically smooth
for all unblown experiments on this apparatus with and without
acceleration where the level of U, 1is less than 100 ft/sec.
With the exception of the impermeable flat plate run for
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U, = 126 ft/sec, the level of U, 1is within this bound in
all the present data.

Simpson presents an argument concerning roughness etffects
with blowing and suction. Altnough the "viscous sublayer”
is shown to decrease with blowing and increase with suction,

Urk
the corresponding values of T%VE for his strongest blowing

and suction data are found to be small., For the highest
suction case examined (Cp/2 = 0.0076), it was found that

U_k

I%Vﬁ = 0.5 wusing k= 0.0002 inch. For the highest blowing
Urkw

case examined, Jf/2 =~ 0,0001 and v =~ 0.05 . These

estimates, presented by Simpson, are based on U, = 44 ft/sec,
whereas the levels of U, found in the present experiments
can be double this value., Taking this fact into account, the

Urk
corresponding estimates of T%TE are still small enough to

suggest that the test surface is aerodynamically smooth with
blowing and suction., Sufficient proof of negligible rough-
ness requires a direct basis of comparison which is not
presently available in the cases of blowing and suction, and,
therefore, this can only be taken as a plausibiiity argument
as previously indicated by Simpson.
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Figure 1. Photograph of operating console area

Figure 2. Photograph of test deck area
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CHAPTER III

EXPERIMENTAL TECHNIQUES AND DATA REDUCTION METHODS

A. Experimenta. Techniques

The methods utilized to set up the desired flow conditions
and the data taking procedures followed are described in this
chapter,

A.1l. Setting of upper wall and transpiration rates

The upper wall, the inlet velocity to the test
scotion, and the transpiraticn rates must be carefully related
to achieve an asymptotic boundary layer flow; i.e., one in
which Repg, 1s constant in the flow direction. Ideally, the
pressure gradient should be imposed at a position where ithe
boundary layer already has the asymptotic value of Re62 .

The mass flux at the wall must then be adjusted to maintain
a constant blowing or sucking fraction ¥ 1in the flow

direction. These requirements were satisfied within reasonable

ceuracy in the present experiments,

The position where the pressure gradient should be im-
posed was determined using available correlations for boundary
Layer flows in constant free-stream velocity. Simpson [17]
has shown that, for unaccel rated ows where the mass flux
at the wall is constant,

“ﬂéﬁ

= C Re52d (III-1)

and

H = L (I111-2)

1 - 3.1/%2 [(1 + B2 (14 0.6353)1/2]
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where ¢ and d are unique functions of F . Applying
these correlations to the asymptotic momentum integral equa-
tion yields an equation which can be solved for the value of
Rep, associated with given values of K and F,

cRe5g = Re52(H + 1)K - F . (I11-3)

Inasmuch as the boundary layer is allcwed to develop with
constant free-stream velocity in the initial portion of the
test section, this yields an estimate of the position where
the desired value of Re52 will be attained.

With the imposition of a strong pressure gradient the
boundary layer is expected to adjust, resulting in different
characteristics than those represented by the correlations
utilized here. This, plus the fact that an abrupt acceleration
is not possible, indicates that the above estimate is only
approximate. For a given iniet free-stroam velocity the
predicted position at which the flow is to be accelerated
is quite insensitive to F , assuming that the "virtual
origin" does not change for the unaccelerated portion of the
boundary layer. Hence, acceleration was begun at the same
position in the test section for all blowing and sucking
fractions.

As for the uppe:r wall setting in the pressure gradient
region, a one-dimensicnal flow analysis indicates that an
inclined flat upper wall, to a good approximation, yields a
constant K flow for a given blowing or sucking fraction.
Neglecting boundary layer displacement and streamline curvature,
conservation of mass requires that the equation of the upper
wall surface be given by
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where

KU_(X_)

o

Q= 1+ —2 [x-x,] (I1I-5)
Here, xa is the position where the pressure gradient is
imposed. For all blowing and sucking fractions of concern
this can be approximated by a linear variation within one
percent. Based upon these ccnsiderations, an inclined flat
upper wall was used to give a constant K flow,

The specific top settings used are shown schematically
in Figure 10, The inlet velocity to the test section and
the slope of the upper wall in the pressure gradient region
were chosen to maximize the length of the pressure gradient
region and yet retain a turbulent boundary layer at the duct

inlet. .

The transpiration rates needed to achieve a constant F
for each test run were determined by means of an iterative
process. The upper wall was first set for the desired com-
bination of X anc blowing or sucking fraction F . Tran-
spiration flow rates were then set up, based upon the free- ]
stream velocity distribution of a zero transpiration test
run. The transpiration flow rates were adjusted based on -
the resulting distribution of free-stream velocity. The -
process was continued until the desired blowing fraction had -
been attained within the desired limits.

A.2. General test procedure

A specific test procedure was followed during each
test run. After the air system had stabilized, the flow-
meters were given final adjustments and the thermal data .
were taken., The traversing instruments were then positioned
using spacers and a reference mark on the traversing support
beam. Free-stream pitot readings for each boundary layer
probe and a Kiel probe, all placed in the constant free-stream
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velccity region of the channel, were compared to check for
line leaks and possible fouling of the mouth of the boundary
layer probes, After these init’al adjustments and checks
were made, velocity traverses were taken according to the

procedure described below. When approximately half of the i
traverses were obtained, the static pressure distribution

along the channel was measured and recorded along with the

flowmeter settings and thermal data. All test conditions

were monitored at intervals throughout the entire test run.

A.3. Traversing procedure

Veloclty traverses were taken on the duct centerline
in a manner similar to that used by Simpson [17]. The boundary
layer probe was advanced toward the wall until contact be-
tween the mouth of the probe and the wall was visually =vident.
The probe was then backed away from the wall in 0.001 inch
increments according to the micrometer scale. More than one
reading was obtained with the probe on the wall during this
procedure, The position where the probe left the wall was

[Rova——

determined by means of a dynamic pressure method. This method -
is based on the fact that the indicated dynamic pressure re- -
mains the same as long as the probe touches the wall but in-
creases markedly as it leaves. According to Simpson, this
method of wall location agrees with an electrical contact
method within 0,0005 inches. The probe was then advanced
through the boundary layer in approximately equal intervals
of dynamic pressure,

All dynamic pressure readings were obtained with the
instrumentation described in Chapter II. The side static
pressure ports were used as references in regions of the
duct where the static pressure exceeded the l-inch of water )
limit of the Dwyer manometers. The local static pressure
necessary for the calculation of velocities was determined
by linearly interpolating between static pressure ports
adjacent to the mouth of the probe. The use of side ports

34



as references has the advantage of reducing the effects of

minor time-variant fluctuations due to blower and ambient

changes. The response of the probe-manometer system to

within 0,001 inch of water of the approached value is estimated

to be approximately 30 seconds but readings were taken over

an additional one-minute interval to obtain a time average.
Prior to each traverse, manometers were zeroed and

test conditions were monitored. These checks were also

made at tne completion of each traverse as a check on system

changes during the data taking period.

B. Data Reduction

The raw experimental data was initially reduced by means
of a computer program. A statement of the program in Fortran
IV language is given in Appendix B. In its most general terms,
the program performs the following functions:

1. Accepts input and converts to standard units.
2. Corrects for calibration curves of instrumentation,

3. Calculates velocity profile integral parameters using
the trapezoidal rule.

4, Calculates dimensionless parameters.

5. Sumnarizes and prints out a raw data listing and
*
a summary of output data with uncertainty intervals.

Tn addition to the above, the outputdata were punched on
computer cards which were utilized as input cards to secondary
computer programs. The secondary programs were either cor-
relation reduction programs or designed to produce plots and
the #inal data tables, presented in Appendix A,

Specific features of the data reduction process are of
considerable importance in the interpretation and correlation

*
The uncertainty analysis is not presented in the program
listing for purposes of clarity.
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of results. For this reason, they are described in detail
here. The method of reducing pitot tube readings and the
associated uncertainty analysis are discussed. The method
utilized to determine local blowing rates 2.4 pressure
gradients is presented. The means utilized to obtain experi-
mental estimates of friction factors are also presented in
detaill,

B.1l. The reduction of pitot tube readings

The pitot tube data were reduced to values of mean
velocity by application of the Bernoulli relation

U = /i?%lblgﬁ. (III-6)

after suitable correct ons were applied. The corrections are
applied to account for errors inherent to the flattened-mouth
probes utilized.

Simpson [17] considered the importance of turbulent
fluctuation, viscous, shear, yaw and pitch, and wall effects
on pitot tubes of this type. He concluded that:

-

1. No correction for yaw or pitch angle need be applied
for all the blowing and sucking cases he studied.

He found that the mean streamline angles, tan'l(vw/U),
were less than 10 degrees which is within the pitch
plateau experimentally determined for these probes.
Yaw angle corrections could be avoided by ,ositioning
the probe accurately.

2. The viscous correction that should be applied is
based upon the data of Hurd, Chesky and Shapiro [34].
Letting

2(Ps'Po)gc

c. = —= 02 C (I1I-7)
p pU2
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the correction he proposed is given by

¢, = 1.02 - 0.566 | 3.53 (III-8)
/ Rep Rep

Tt 4o = 1,C 4o ,
for p < and Cp 1 for Rep >

The Reynolds number Rep " 1s based on the outside
hydraulic diameter of the probe mouth and the local
velocity.

3., The turbulent fluctuation components of velocity
can be neglected, resulting in only slight errors
ir the uncorrected velocity profile.

4, Negligible srhear gradient and wall effects were
found in the severe case of an asymptotic suction
layer. Therefore, these effects were not considered
in the remaining cases he studied.

The same set of corrections is used in the present study.
The mean streamline angles are found to be within the bounds
stated by Simpson and, hence, yaw and pitch angle corrections
are not applied. Since turbulent fluctuatiorn components were
not measured, a turbulent fluctuation correction cannot be
appliec, Shear gradient and wall effects are neglected
inasmuch as the cases studied here are not as severe as the
asymptotic suction layer flow studied by Simpson.

B.2. Determination of local blowing rates and pressure
gradients

As indicated in Chapter II, the mass flux through
each plate can be considered uniform within the limits of the
plate porosity variation, The effects of the static pressure

drops encountered in the mainstream flow direction for those
cases considered here were found to be negligible. Hence,
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the mass flux at a given velocity traverse station 1s taken

to be that corresponding to the center 6-inch span of the
associated plate. The blowing fraction F , in turn, is

based upon this mass flux and the local free-stream velocity
for each traverse. The same approach is taken for the suction
cases,

The fact that constant K flows are belng studied is
utilized to determine local values of the applied pressure
gradient. The pressure gradient at each static port is
taken to be that corresponding to a linear velocity distribu-
tion between the adjacent static ports. Selected values of
the resulting pressure gradients are found to agree with
values obtained from a plot of the free-stream velocity dis-~
tributions, within +5 percent. The free-stream velocities
at each static port station are determined from the free-stream
velocity head, measured in the constant free-stream velocity
approach region of the duct, and the measured static pressure
distribution. These measurements are sufficient for this
purpose only if the total pressure head remains constant andg,
hence, a potential core was maintained during each test run,
These known quantities at the static port stations allow local
pressure gradients to be determined by linear interpolation
of the parameter K between adjacent static ports.

B.3. Experimental determination of friction factor

S

The friction factor Cf/2 is experimentally deter-
mined by four different methods. These methods are of the
indirect type and all four are not applied to the same profile,
Each of these methods 1s described, with assumptions stated
and an indication of where each is applied in the present
study. Due to the propagation of experimental errors in the
use of these methods, it is found necessary to obtain a "best
estimate" of friction factor. The approach taken to obtain
this estimate is also described.

38
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B.3.a Momentum integral methods

Two methods of obtaining friction factors
from the two-dimensional, constant property momentum integral
equation are utilized. One method is applicable in boundary
layer flows where the free-stream velocity is maintained
constant, whereas the other is only applicable in near-
asymptotic boundary layer flows of the tLype considered in
the present study.

i, Constant free-stream velocity

Restricting attention to two-dimensional
boundary layer flows over impermeable flat plates, the constant
property momentum integral equation can be expressed

C dRep
2 .
o (111-9)
X

With measured values of momentum thickness at successive
X-stations, this relation can be used to obtain values of
Cg/2 for such flows. In order to reduce the error inherent
in the evaluation of the der.vative involved, the following
power fit is assumed to apply.

Reg, = aRez (II1-10)

For Re, measured from the "virtual origin", this is considered
representative of the actual flow condition, Substitution of
this relation into the above momentum integral equation yields
the following expression for the friction facto: Cf/2 s

C b-1
5 = abRe (I1I1-11)
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Hence, estimates of Cf/2 are obtained from an experimental
determination oi the constants a and b ., A similar approach
can be taken in cases where either blowing or sucking at the
wall exists. The reader is referred to reference [17] for a
discussion of this more general approach.

.

This particular method requires more than one velocity
traverse as well as a determination of a "virtual origin'.
For this reason, it was only utilized for the suriace rough-
nese investigation discussed in Chapter II where both require-
ments were satisfied,

% ii, Near-asymptotic flow

A

i As indicated in Chapter I, the constant
i property two-dimensional momentum integral equation can be

! expressed as

LS

g Cf dRe52

% =~ = Re52(H + 1)K - F + Eﬁ;—— . (I1I1-12)
i

; For near-asymptotic flows such as those consicdered in the
.é present study,

H

.%

? dRea2

¢ [ - -

: I < < Rep,(H + 1)K - F (II1-23)

-

e

This characteristic allows equatim (III-12) to be used to
calculate friction factors in this type of flow on the basis
of local experimental data with a small correction term,

dReg
an ¢ applied. The relative magnitude of the correction
'~ x

Hacena

term does increase with an increase in blowing fraction. This
is the result of the right side of equation (III-13) tending
toward zero with an increase in blowing fraction. Similar

’
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uncesirable effects are present in all momentum integral
approaches when blowing is counsidered.

The following procedure is followed in the evaluation (7
dRegp
2

the correction term R
PAY
X

In terms of the local X-Reynolds

number, this term may be expressed

dR852 dRebe

dRX dRex

(K Re, + 1) VITII-14)

This relation is used with an assumed fit to the experimentel
data given by

Reg, = m exp[n Rex] (I1I-15)

where the experimentali: <~termined constants m and n are
based on successive velocity profiles taken in the pressure
gradient region of the duct. If possible, the profile down-
stream of thz X-station of interest was used for this purpose.
The term was eveluated on the basis of the local X-Reynolds
number rather than the integrated X-Reynolds number to avoid
a propagation of uncertainties in the pressure gradient
parameter K . Equation (III-15) is found to fit the trend
of the .xp:rimental data,

Equati.n (III-12) was used to obtain va.ues cf Cf/2
for all profiles measured in the rressure gradient region of
the duct, For purposes of :onfirmation and slight adjust-
ments, the viscous sublayer model method descrited in tre
following section was used as an independent means of obtain-
ing values of uf/z .

B.3.b +vViscous sublayer model r.ethod

This meihod relies on t.:.: fact that in a
thin region ne.r the wall wolecular viscosity governs the
41
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flow. Neglecting X-derivatives and treating the flow as
laminar in this region, the constant property boundary layer
equations yield the solutions

) [os) 2] - ()

for F # 0.0 (I11-16)

1 (fz-
T F 2

8C1{CJ
R

and

ala

.YU yUm
[+ ¢] B v )
for F = 0.0 . (111-17)

These relations can be solved for Cf/2 » a@llowing the cal-
culation of friction factors from experimental values of
Vﬁ » U, U, , and y . Here, U must correspond to a y-
position within the region of application of these solutione.
The reliability of this method is dependent upon the
ability to measure low dynamic pressures within the "viscous
sublayer" and the accuracy within which the probe position
relative to the wall is known. Hence, it was used to confirm
friction factors obtaired by means of the momentum integral
equation. Friction factors corresponding to profiles
traversed at stations in the entrance and recovery sections

of the duct were also estimated by this method.

B.3.¢c Logarithmic region method

This method of determining friction factors
is based on the assumption that a "universal law of the wall"
exists. The specific form of this law proposed by Simpson
[17] for the impermeable wall case is given by

ho

{
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This relation is assumed to apply to those regions of the duct
where free-stream velocity is maintained constant for all un-
blown test runs. Velocity profile data can be cross-plotted
against this assumed relation to yield an estimate of the
associated friction factor.

Various "laws of the wall" for turbulent boundary layers
have been proposed [15,17,29] which account for the effect
of blowing and applied pressure gradients. Since these are
in disagreement with one another and are not based on data
for the combined problem, they are not considered in the
present evaluation of friction factors.

B.3.d Determinztion of best estimate of friction
factor

The "best estimates" of friction factor were
obtained by blending the experimental velocity profiles with
the viscous sublayer equation.

The graphical procedure used in the pressure gradient
region was based on the following observations:

1. The viscous sublayer equation was not sensitive to
small changes in the friction factor so that the
momentum integral values could be used to predict
sublayer profiles.

2, On the basis of the viscous sublayer equation and
the U* vs yt profiles corresponding to the momentum
integral values of Cf/2 , the inner regions of
the sublayer (y* < 15) appeared invariant in the
streamwise direction for the majority of the data,

For a given test run, all profiles in the pressure gradient
region were inspected simultaneously. The profile which
best matched the viscous sublayer equation was selected as a
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reference profile. A slight adjustment in the value of

Cf/2 for the reference profile was made for some of the

test ruuns if agreement with the viscous sublayer equation

was not obtained to the degree found in the majority of the
data. The remaining profiles were then matched to the viscous
sublayer equation with the requirement that the velocity
distributions in the inner regions (y+ < 15) correspond to
that for the reference profile,

In this procedure, a first estimate of friction factor
was obtained by the momentum integral method. The resulting
"best estimates" of Cg/2 were found to agree with the
momentum integral values within the uncertainty of the cor-

dReg,

aﬁ;;—(Re { . applied in the momentum integral

rection term X

method. The calculated uncertainties in the correction term
represent variations in friction factor of approximately
+0.00020 , +0.00030 and +0.00040 in the present data for
K=0.57 x 10-6 , 0.77 x 10-6 and 1.45 x 10-6 , respectively.
This amounts to apprcximately 15 percent of friction factor
for the unblown runs and to as much as 50 percent for the
highly blown runs.

For the unblown test runs, the logarithmic region method
values of friction factcr were considered "best estimates" for
all constant free-stream velocity profiles.

For the blowing cr suction cases, "best estimates" of
friction factor were .Jound for all constant free-stream
velocity profiles by graphically matching the U?' vs y+
profiles to the viscous sublayer equation. If data points
were not found to exist in the viscous sublayer region an
extrapolation of the existing data points was used. This
extrapolation was based on experimental profiles of Simpson
[17] corresponding to approximately the same values of Reg,
and F . In this grephical matching procedure as many data

By
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points as possible were used and not just two data points
near the wall as was done in the viscous sublayer method.

The deviations of the other experimental determinaticns
from these "best estimates" are discussed in Chapter IV with
other experimental results.

B.4. Uncertainty in:ervals

Only those uncertainties resulting from the necessary
interpolation between divisions on an instrument and those due
to fluctuating values of the measurand are considered in the
present uncertainty analysis. Errors in instrumentation
calibration are not considered since they are "fixed errors"
and uncertainties due to uncontrolled peripheral variables
of the experiment cannot adequately be estimated.

The procedure of Kline and McClintock [37] is followed
to account for the propagation of uncertainties in all cal-
culated quantities. The following basic uncertainty intervals
are assumed with 20:1 odds:

Distance from the wall 0.0005 inches

Flowmeter reading (25 cm 0.02 centimeters
full scale)

Dynamic pressure 0.002 inches of water

Relative locations of 0.008 inches
static ports

Location of probe relative 0.016 inches

to static ports

The resulting estimates of uncertainties in the calculated
quantities are indicated in the data tabulations found in
Appendix A.
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C. Calculation of Shear Stress Prot'iles

Shear stress profiles were generated from the measured
mean velocity profiles in order to check commonly assumed
shear stress distributions in the inner regions of the boundary
layer. The relation used for this purpose is developed here.
The foliowing assumptions are made:

(1) U/U, vs y/b similarity holds for the entire
boundary layer, i.e., X dependency contained in
5 , where 6/62 = constant.

(2) The contribution due to the non-asymptotic condition
dRe52

de

# 0 1is small in the inner regions.

The impertance and applicability of these assumptions is
presented in the following development and discussion.

For constant property two-dimensional boundary layers,
the X-momentum and continuity equations can be expressed in
the integral forms

y
1 dp _ a4 2
B—T—Tw—y(ﬁ) —dijdy+UV
(o]
(II1I1-19)
and
1 y
V=V, -3x S U dy , (111-20)
(o]

respectively. Substituting equation (III-20) into equation
(III-19) yields
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(III-21)

By means of simple operations of calculus and appropriate
definitions, the following identities are obtained.

a (7 2 2 4 v/0 U \?
‘d—x g U dy = 5U°° ﬁ S ('I-J;;) d(y/ﬁ) +
(o] (o]
o) y
Uy du 2
abd o U
(o]
and
y 4 ¥/
d - a_ u_
G \ Udy = 87U, 5 g Um) d(y/5) +
(o] (o]
U du y
o db el U
+ 6— a + ———dx g (m) dy (III-QB)
(o}

Substituting these identities into the right-hand side of
equation (III-21) and applying the similarity assumption (1)
gives
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(III-24)

For ©/5, = constant , a result of assumption (1), it can be
shown that

2 .2
Uo g5  Us OReD, . du,,
B dx 62 dRX ® dx

[}

. (I1I-25)

Substitution of equation (III-25) into equation (III-24)
yields

Y
au 2

1 ap _ 0 U_

) T =T, y(ﬁi) -U Vw = U, I g (Um) dy +
o)

u_? 4R Y2 Y

Reg T
ceme | ) | - ) ) &)l
o o) J
(III—26)

Dividing both sides of equation (III-26) by Tw ? transposing

terms, and applying the definitions of T+ s U+ s y+ ’ Vw+ ’
.|.

p , and Cp , the fullowing expression is obtained.
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(11I-27)

This was used for calculating the distribution of shear
stress., The integrals involved were evaluated using the

dRep
trapezoidal rule and the derivative Eﬁ—_g was taken to be
X

that used in the momentum integral method of estimating
friction factor.

Shear stress profiles were computed for traverses in a
region of the duct where profile similarity was found to
exist in accordance witn assumption (1). Assumption (2)
does not explicitly appear in this develcpment but limited
errors due to uncertainties involved in the evaluation of

dR852

de

the derivative
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CHAPTER IV
THE EXPERIMENTAL RESULTS

The experimental data consist of mean velocity profiles
obtained in near-asymptotic boundary layer flows where the
pressure gradlent parameter K and blowing fraction F are
maintained constant. Three pressure gradients were investi-
gated: K = 0.57 x 10'6, 0.77 x 107, and 1.45 x 1076 . For
each pressure gradient, the conditions investigated cover a
range of .niform blowing fractions frcm F = -0.004 to 0.006 .

The estimates of friction factor and their consistency
and reliability are discussed in this chapter. Mean velocity
profiles are also presented and checked for profile similarity
and development characteristics.

The asympto.ic characteristics of these boundary layer
flows are discussed. Shear stress distributions, computed
for purposes of representing sublayer data, are also presented.

All data presented graphically are also tabulated in
Appendix A with estimates of their uncertainties.

A, Priction Factor Data

Estimates of friction factors were obtained for each of
the experimental velocity profiles. The methods utilized in
obtaining these estimates are discussed fully in Chapter II
and the friction factor data 1s presented and discussed here.

Restricting attention to profiles taken in the pressure
gradient region of the duct, two experimental determinations
of Cf/2 are available. In Appendix A, the values of
Ce/2 glven correspond to:

1, Near-asymptotic momentum integral method

2. Viscous sublayer model methcd (average of values
corresponding to first two profile data points)

3. "Best estimates" of Cp/2 utilized in succeeding
data reduction.
50
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For 63 out of a total of 79 profiles, the ...uentum integral
values of friction factor agree with the "best estimates”
within +10 percent. TFor 61 profiles, the viscous sublayer
values are also found to agree with the 'best estimates"
within +10 percent. In the majority of these profiles where
agreement weas not found with the viscous sublayer method,

the "viscous sublayer' had not been adequately penetrated
during the traversing procedure. Only 2 profiles are presented
where the momentum integral value and viscous sublayer value
do not agree with the "best estimate" within this +10 percent
range.*

In the constant free-stream velocity approach and recovery
regions of the duct, only the viscous sublayer method was used.
One exception is the impermeable wall case where the logarithmic
region method was used. Slightly less than half of the profiles
in this region had agreement between the viscous sublayer
values and "best estimates" of Cp/2 within +10 p-rcent. This
poor agreement 1is explained, for the most part, by the inability
to penetrate the "viscous sublayer", a predominant characteristic
in the recovery region of the duct.

Simpson [17] correlated friction factor data on the basis

¢’ the blowing parameter B = 6—§§ and the unblown friction
£

factor correlation

g -1/4
= 0.0130 Reg, . (Iv-1)

2

He found that, for constant free-stream velocity and a
variety of blowing and succion distributions, the friction
factor data obtained on the present apparatus could be fitted

*These profiles are for run 81668, M = 4, and 5 .
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by the relation

Cf = [_g_rll_]ilil.] 0. (IV—2)

Cr B
° Res?

The friction factor data of Simpson, for constant and slowly
varying h" cases, agreed with equation (IV-2) within his
calcrlated experimental uncertainty.  Simpson sets this un-
certainty at approximately +10 percent for B < O and as
much as + 25 percent for the higher values of B encountered
in the present study.

The "best estimates" of friction factors for the present
pressure gradient data and constant free-stream velocity data
are compared with equation (IV-2) in Figure 11. The constant
free-stream velocity data ¢ 2 shown to be consistent with this
correlation within the calculated uncertainty and no anomalous
effects are noted. Friction factors for the pressure gradient
data are shown to lie 10 to 20 percent above the values given
by equation (IV-2) for all accelerations combined with blowing
and below by approximately 10 to 25 percent for all accelera-
tions in the case of suction,

It is concluded that the "best estimates" of friction
factor for the present velocity profile data are self-consistent
and are in acceptable agreement with the experimental deter-
mination according to either the momentum integral method or
the viscous sublayer method. It is found that the present
friction factor data for constant free-stream velocity agrees
with that of Simpson. The effect of acceleration on Cf/2
is found to differ in the cases of blowing and suction. In
either case this results in relatively small deviations from
equation (IV-2).
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B. Mean Velocity Profile Data

The characteristics of the mean velocity profile data
are discussed here. Profile similarity in both the inner
regions and outer regions of the boundary layer are considered.
The development characteristics and asymptotic behavior of the
boundary layer flows are also presented.

B.l. Inner region development and similarity

Velocity profiles are present in wall coordinates
(ut vs y*) in Figures 12 through 20 utilizing the "best
estimates"” of friction factor. For purposes of comparison,
the accepted "law of the wall" with constants proposed by
Simpson [17] is also presented on each of the graphs. The
profile obtained in the constant free-stream velo~ity approach
region is presented along with the profiles obtained in the

e U AR SRS 3. BT R Sl SRR & oA ke, Uowh SRR s S

pressure gradient region of the duct.

For the impermeable wall case, all three pressure
gradient runs are presented. It is shown in Figures 12
through 14 that the inner région of the boundary layer respond
rapidly to the imposed pressure gradient and assume a unique
distribution corresponding to a given value of K . For the
strongest pressure gradient, K = 1.45 x 10—6 , slight adjust- i
ments of the layer are found to exist through the entire
pressure gradient region. It is concluded that, in the im-

permeable wall case, similar inner region profiles exist in
these near-asymptotic boundary layer flows, and that the
shape of the profile is dependent upon the value of the local
pressure gradient parameter K .

Two characteristics of these boundary layer flows are
shown in these inner region coordinates: (1) The profiles
deviate from the acceptea "law of the wall" in an "overshot"
manner within the logarithmic region and (2) the wake region
is substantially diminished. The indicated profile "over-
shoot" is specifically an upward displacement of the Ut vs yt

53




TN PO DY

[ L v

Lo e v

'_,.x—':"‘;“ T

avran vk e & e AT 2 A W e PO A

profile from the "flat plate law of the wall" in the fully
turbulent region of the layer, Similar qualitative charact-
eristics have been observed by Launder and Stinchombe [20],
and Patel and Head [24]. Patel and Head reported an initial
"undershoot" of the logarithmic region, not seen in the
present data. In the present study, traverses were not taken
at stations along the duct where initial adjustments of the
layer to the imposed pressure gradient occurred. Hence, the
indicated results do not exclude this possibility. For the
present data, it is shown that the degree of "overshoot" in
the logarithmic region increases with K . This behavior can
be represented as an increase in the thickness of the "viscous
sublayer" region. The diminished wake is a direct result of
the low shear stress in the outer regions of the layer, a
characteristic associated with favorable pressure gradients,
The resulting effect of these structural changes is to produce
an "overshoot" profile in the logarithmic region where the
logarithmic region decreases in its extent with the parameter
K . This behavior is in agreement with the continuous re-
laminarization observed by Patel and Head in accelerated

flows stronger than those in the present study.

The relative constancy of the friction factors for these
unblown constant K flows is also indicated in Figures 12
through 14. 1In inner region coordinates the natural pressure

+ Boty dPp

gradient parameter is p = —7 7 dx °’ according to a dimen-
Pu Uz

sionless momentum equation., For constant property flows,
this parameter can be expressed as pt =-K/(Cf/2)3/2 . Hence,
these constant K Dboundary layer flows are also characteristic
of constant pt flows. The inner regions are, therefore,
related on the basis of this parameter for use in the theoret-
ical prediction of results. The theoretical predictions are
presented In Chapter V.
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In Figures 15 through 18, similar effects of acceleration
are shown to exist with blowing at the wall. The adjustment
of the layer in the irner regions is found to be greater from
station to stacion with blowing. The degree of overshoot the
profiles exhibit above the flat plate profile is found to be
decreased with blowing. This behavior is possibly the result
of the increased turbulence level in the boundary layer due to
blowing. The wake region is also found to be decreased to a
greater extent than in the unblown layer, indicating a greater
increase in friction factor with acceleration.

These similar inner regions of the boundary layer are
related on the basis of the natural parameters pt and Vﬁ+
in Chapter V.

The boundary layer flows in the case of suction at the
wall are shown in Figures 19 and 20 to have similar charact-
eristics as found in the unblown and blown layers. The profile
"overshoot" is found to be greater as expected. For moderate
suction the adjustment of the layer to one exhibiting similar
inner regions is shown to exist except in the case of a very
strong acceleration, where the structure of the inner region
attains predominately laminar characteristics (roundness of
profile). 1In all combined prassure gradient and suction runs,
substantial structural chunges of this type in the inner region
were noted with the exception of those flows where
K =0.55 x 106 , and F = ~0.001 and -0,002,

It is concluded that the qualitative characteristics of
boundary layer flows for acceleration apply for the range of
blowing and sucking fraction: considered in the present study.
The quantitative effects are dependent on blowing or sucking
fraction and similar-profiles in the inner regions are found
to exist except in flows where the structure of the innexr
regions of the layer appears to be substantially and continually
changing, which suggests that relaminarization is perhaps
occurring.
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B.2. Quter region development and similarity

‘ The development of the outer regions of these
asymptotic and near-asymptotic boundary layer flows is shown
in Figures 20 through 26. Here U/U, vs y/6 profiles are
presented comparing the profile in the approach region with
those obtainad in the pressure gradient region of the duct.

It is demonstrated that, for all blowing and sucking
fractions considered, the layers approach and attain an
asymptotic limit, characterized by similar profiles in these
coordinates. The flows where the sucking fraction was
F = -0.004 are exceptions to this rule since the profiles
are found to continually adjust to a laminar mode, a char-
acteristic not indicated in the flows graphically represented.
It is noteworthy that similarity in these coordinates also
implies similarity in "velocity-defect" coordinsates since
friction factors in the flow direction are found to be
essentially constant.*

In the impermeable wall case, this similarity behavior
indicates that asymptotic boundary layer flows for the present
range of K are also constant £ flows where B < -0.5,
as shown in Chapter I.

The response of the layer to its asymptotic condition is
shown to be extended farther down the pressure gradient region
of the duct with an increase in blowing fraction, which is
reasonable in view of the greater adjustment found necessary
with blowing. The suction run with the strong pressure
gradient, K = 1.45 x 10"6 » is shown in Figure 27 not to
follow this trend, suggesting structural changes in the
boundary layer as noted in the discussion of the inner regions.

It is coucluded that in the asymptotic and near-asymptotic
boundary layer flows investigated in the present study similar

U _-U
* "Velocity-defect" coordinates are ; vs y/5 .
T
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profiles were attained in the outer regions of the layer,
excert in the flows where the sucking fraction was -0,004 ,
This coupled with a similar conclusion relating to the inner
region of the layer confirms the existence of completely
similar profiles in asymptotic boundary layer flows, with the
exception of the suction cases noted in the discussion of

the inner regions.

B.3. Asymptotic values of local momentum thickness
Reynolds number and shape factor

By definition the a:y mptotic boundary layer flows
considered in the present study are characterized by a constant
value of Reg, - The present experimental data indicates that
unique values of Rea2 and shape factor H correspond to
given values of the pressure gradient parameter K and
blowing fraction F .

In Figure 28, the values of Rea2 , corresponding to the
last two or three profiles obtained in the pressure gradient
region of the duct are plotted against K , for parametric
values of F . The agreement between the values of Rep,
assoc.ated with consecutive profiles for a given run shows
the success in attaining an asymptotic condition for all
three values of K where F > -0.002 . The continuous trend
of the data displayed in this figure indicates these asymptotic
conditions are unique in view of the fact that the values of
K correspond to different ranges of free-stream velocity in
the present experiments.

In Figure 29, the experimental estimates of the asymptotic
values of Re52 fqr the impermeable wall flows are compared
with those values corresponding to an assumed turbulent
velocity profile and an exact laminar solution. The assumed
turbulent velocity profile is given by the equation

ut = 8,7(yH) Y7 (Iv-3)
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Applying this equation to the asymptotic form of the two-
dimensional momeantum integral equation ylelds the relation

Reg, = 0,0160 K-0°8 . (Tv-4)

asymp

An exact solution is available for the case of laminar flow
[28]. Applying this to the asymptotic form of the two-
dimensional momentum integral equation yields the relation

d Reg, = 0.3467 K92 . (Iv-5)
asymp

It is shown that the values predicted by the 1/7-power profile
assumption are in agreement with the experimental values,
whereas, the laminar values are considerably lower. On the

e B el G D e DO G Bl T

basis of these results, unblown asymptotic boundary layer

4 flows for values of K as high as 1.45 x 10~ are believed

= to be turbulent in nature.

: The shape factor corresponding to profiles in the pressure

-

i

-

. gradient region for a given run are found to attain a reasonably
; constant asymptotic value with the exception of the strong
suction cases for F = -0.004 .

In an attempt to obtain a correlation of shape factor
with pressure gradient, the experimentally determined values
are compared in Figure 30 with the shape factor correlation
proposed by Simpson [17] for turbulent boundary layers. This

[ES—
H i

correlation of constant free-stream velocity data is given by [
1 i
H ~ —53 (1v-6)
Y B
58 i
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B /cf/el(l + B)YZ 4 (1 +0.6358) /2 l (10-7)

The present constant free-stream velocity data is also shown
on this figure, indicating that this equation represents a
good mean of the zero pressure gradient dats even though the
data scatter is relatively large.

No significant correlation of shape factor with pressure
gradient can be determined. The experimental shape factors
also appear to be reasonably insensitive to blowing fraction
for values of F greater than or equal to -0.001. In the
cases of stronger suction, the values of shape factor are
found to be higher than those indicated in Figure 30 and are
not shown due to the strong possibility that these boundary
layers do not behave in a turbulent manner. It is algo note-
worthy that the shape factor correlation of Simpson is shown
to yield higher values of shape ,factor than the experimental
values presented and is, therefore, not considered applicable
in such strong favorable pressure gradient flows,

The shape factor corresponding to the exact laminar
solution for the unblown asymptotic layer has a constant
value of 2.0 . 1In the present unblown data, values of shape
factor on the order of 1.3 ccrrespond to those profiles in
the pressure gradient region of the duct. Hence, the unblown
asymptotic boundary layer flows considered are believed to be
turbulent in nature, on the basis of shape factor as well as

E..'IW " [

[N S,

k-

El
%

)
B

B =S MM el e R

Reg, »

¢ A similar comparison of Re52 and shape factor H is
not presented for the blown and sucked flows since exact
laminar solutions do not exist in these cases. However, it
is reasonable to conclude that the present blown boundary

C=3 & MW W B2 0
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layer flows are turbulent in nature, although transition to
a laminar mode may occur for strong suction.

C. Shear Stress Profiles

In formulating models that represent the present mean
velocity profile data, it is desirable to know the distribu-
tion of shear stress through the boundary layer. This knowledge
may allow representation of the data using simple eddy-viscosity
models., Neglecting X-derivatives in the inner regions of the
layer, the X-direction momentum equation yields the shear stress
distribution given by

=1ty (Iv-8)
Here, the dimensionless shear stress tt is defined as
ot = %— . This distribution has been proposed by numerous
w

investigators as representative of that in the inner regions
for small pressure gradients. In the present study shear
stress profiles were computed to test the applicability of
equation (IV-8) in strong pressure gradients.

The following relation, developed in Chapter III,
allowed the generation of shear stress profiles from the
present mean velacity data where similarity in U/U, vs y/b
coordinates existed,

o0
o)
4R y o y
1 €02 7\ U 5 (U )
+ = dy - = a
Cf de j \Ucol v Uoo ﬁc_o v
B2 - 0 o
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The resulting shear stress profiles are tabulated in Appendix
A,

In Figures 31 and 32, representative shear stress profiles
are compared to those obtalined utilizing equation (IV-8) for
the pressure gradients K = 0,57 x 10-6 and K = 1,45 x 10-6 ,
respectively., It is observed that the maximum shear stress
occursg, in all profiles presented, for values of y+ less
than 25, It is also shown that, beyond the maximum shear
position, the experimentally determined profii=s substantially
and increasingly deviate from that given by equation (IV-8).
Inasmuch &s the inner regions of the layer exhibit this
behavior, the shear distribution given by equation (IV-8)
is found not to be applicable in semi-empirical representations
of the experimentally determined profiles.

Upon comparing the relative contributions of the terms
in equation (IV-9), it is found that up to yt = 140 the
contribution of the non-asymptotic term is less than 2 percent.
This results from the fact that asymptotic or near-asymptotic
flows are considered in the present study. Neglecting the
non-asymptotic term in equation (IV—9), the shear stress
distribution found to closely approximate the experimental
distributions in these inner regions is given by

gy(%:)g ay| . (1v-10)

This expression is considered to be a closer approximation
than equation (IV-8) even in the non-asymptotic flow cases,
and is utilized in the formulation of the sublayer models
presented in Chapter V.
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CHAPTER V
THEORETICAL PREDICTION OF EXPERIMENTAL RESULTS

The experimental results presented in Chapter IV are
restricted to near-asymptotic flows over a relatively wide
range of pressure gradients and blowing fractions. It is
desirable to correlate these date in such a manner that,
for a first approximation, extensions can be made to non-
asymptotic flows including variable boundary conditions at
the surface and variable fluid properties. A finite-di~ference
prediction program, of the Patankar-Spalding type [(38], was
developed for this purpose in parallel with the present
experimental study. Two different semi-empirical iiuputs
were formulated, resulting in essentially two different
programs. These appear as differences in the sublayer models
and the sssociated eddy-viscosity relations for the outer
regions of the layer. One sublayer model can be described
as a two-leyer model whereas the other is a variation of the
damped eddy-viscosity dJdistribution proposed by Van Driest

[391].

A. Patankar-Spalding Procedure

The procedure provides for the numerical .olution of
simultaneous parabolic differential equations which describe
turbulent boundary layers and associated transport phenomena.
Although the transport of energy, chemical species, etc. are
considered, attention 1ls concentrated on the transport of
mass and momeritum in the present application.

The boundary conditions at a solid surface are imposed
by means of sublayer correlations which are patched to a
finite~difference sclution. This avoids the numericali dif-
ficulties inherent in regions of large velocity gradilents.
Consevetion of mass is forced to be satlicfied in this
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patching procedure, as well as in the numerical sciution
applied to the outer regions of the layer.

The numerical procedure is advanced in the streamwise
direction in ar a.sount which depends on the amount of fluid
entrained. Modifications of this entrainment procedure are
available in the event additional transport phenomena is
considered,

In the present application only two-dimensional boundary
layer flows are considzred, but the procedure itself can be
extended to other flow systems. Axially-symmetric external
flows, internal flows, wall jets, and jet flows are examples
of the flow systems where the procedure has been used for
purposes of prediction.

B. Semi-Empirical Inputs to Prediction Program

In order to have a complete set of equations to solve,
empirical rate equations must be used; the specific need in
the present application is the relation between effective
shear stress and velocity gradient. Appropriate correlatic s
of the rresent experimental data are obtained for this purpose.
As indicated these physical inputs to the program are presented
in the form of sublayer models and associated eddy-viscosity
distributions in the outer regions of the layer. The two
sublayer models are developed, and the associated eddy-
viscosity relations util_zed in the outer regions are described.
A summary of the semi-empirical relations obtained is given
in Appendix C.

B.1. Sublayer models

The turbulent contribution Tt to the effective
shear stress T 1is calculated on the basis of Prandtl's
mixing length hypothesis:

3y (Vv-1)
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The two models considered are in the form of assumed mixing
length distributions.

a. Case of constant free-stream velocity

Simpson [17] has shown that the fully turbulent
portion of boundary layers with blowing but no acceleration
can be fitted by the bi-logarithmic law

2 + +1/2 12| 1 v
F[(1+UVW )75 (1 + 11v) } = 17 ‘ol

v (V-2)
The form of this relation is based upon the shear stress
distribution given by

- 1+ VW+U+ (v-3)

This was used in connection with equation (V-2) in arriving
at mixing length distributions in the present study. In the
case of suction representative profiles of Simpson, shown

in Figure 33, were utilized in place of equation (V—2).

i. Two-layer model

In this model, the mixing length is assumed to
have the following form in the inner regions of the layer

o<y <y £ =0

Yo <V = Xy

Here, the mixing length constant & is taken to be O.44 in
order to be consistent with the results of Simpson.
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The critical thickness y: at which the profiles can be
considered fully turbulent 1s correlated with Vw+ . This
was accomplished by an iterative scheme which determined the
positio. at which equation (V-2) is satisfied simultaneously
with the viscous sublayer model. In the case of suction,
the values of y: were obtained by matching two representative
prcfiles of Simpson as shown in Figure 33. Here, a Runge-
Kutta procedure was utilized in the solution of the first
order differential equation encountered.

The resulting correlation of y: with Vw+ is fitted
by the following equation, where ?; is based upon the local
value of shear stress given by eguation (V-3),

y. = 11.0-18.0v " (V-4)

This simple correlation indicates a decrease in the laminar
sublayer thickness with blowing and an increase with suction
(in the non-dimensional sense),

ii. Continuous modified Van Driest model

The two-layer model does not properly handle
that region of the profile where both laminar and turbulent
viscosities are comparable, due to the inherent discontinuity
in this region. For accelerated flows which are dominated
by the inner regions of the layer, this has a significant
effect on the prediction results. An alternative model was,
therefore, considered in the present study which has a
continuous distribution of mixing length. As proposed by
Rotta [40], the mixing length in transpired boundary layer
Tlows is assumed to have the distribution given by
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Here, A, 1s correlated with Vw+ . This damped mixing
length was first proposed by Van Driest [38] as a good fit
to impermeable flat plate data using A, = 26 ,

Using the shear stress distribution given by equation
(V-3), the required correlation of A, with Vw+ was obtained
by matching the resulting velocity profiles in the fully
turbulent region with those predicted by means of the two-
layer model. The resulting correlation is given by

2
26.0 - 88.0 v.* + 110.0 (V. 1) vi>o
A, = W w W=
2
- + + +
26.0 - 88.0 vt +210.0 (V ) vt<o

(v-6)

The better agreement, with the experimental profiles, obtained
with this continuous relation relative to that found with the
two-layer model is shown by the data matching comparison given
in Figure 32 for the suction data of Simpson [17].

b, Effect of acceleration

In both models, the effect of acceleration is
assumed to be linear in terms of the pressure gradient
parameter pt for a given value of Vw+ . Hence, the assumed
forms of the desired correlations are given by

¥, = %, oo [1 - Qy(vw’“)p*J (V-7)
and
Ay = A*‘ steo [ - Q*(Vw+)p+] . (v-8)
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The functions Qy(vw+) and Q*(Vw+) were determined from

the present experimental data.
Eighteen experimental profiles, representing the char-
acteristics of the boundary layer flows presently considered,

were used to determine Qy(vw+) and Q*(Vw+) . The flows

in which similarity was not attained in the inner regions
were not considered,

As indicated in Chapter IV, the shear stress distribution
in strongly accelerated flows 1s best approximated by the
following equation

+ +_ +

2
T =1 + U+Vw+ +py |1- (%—) dy (V-9)

Utilizing this relation and the assumed forms of the Prandtl
mixing length distributions, the experimental profiles were
matched in the fully turbulent region by an iterative deter-
mination of the required values of ?z and A, . The experi-
mental profiles and corresponding distributions in accordance
with the two-layer model and continuous model are presented
in Figures 34 through 40. The required values of ?z and
A, are also presented with each profile.

The continuous model gives the closest approximation
to the data in the region near the wall (y*' < 70), as antici-
pated. The experimental data are bracketed by the different
models in this region. The prediction of the experimental
profiles with the continuous model is also shown to improve
with blowing.

The values of Qy(Vw+) and Q*(Vw+) corresponding to
these data are presented as a function of Vw+ in Figures
41 and 42, respectively. The continuous distributions fitted
to these values are also present in the corresponding figure.
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The scatter of the profile values about these assumed distribu-
tions appears to be quite large due to the expanded scale
utilized. The deviations indicated are still within the
experimental uncertainty of the data.

Equations (V-7) and (V-8) are utilized in the present
prediction of these data, with the functions Qy(vw+) and
Q*(Vw+) being given by the continuous distributions indicated
in Figure 41 and 42, respectively. The shear stress distri-
bution given by equation (V-9) is also assumed to apply in
the inner regions of the layer not computed by means of the
finite-difference procedure.

These correlations reduce to the zero pressure gradient
cases for p+ =0 , In the event that Vw+ =0 and p+ =0,
the flat plate "law of the wall" is obtained with both models
and associated correlations, Hence, these sublayer relations
are consistent with accepted turbulent boundary layer behavior
in the more restrictive flow systems.

B.2. Eddy-viscosity distributions in outer regions

The assumed mixing length distributions applied to
the inner regions of the boundary layer obviously cannot be
extended to the outer regions. It is, therefore, necessary
to assume & different form of the mixing length distribution
in the outer region.

Escudier [40] found that in a variety of boundary layer
flows the mixing length distribution can be fitted by the
relations

y/8 < Mx £ = xy
(V-10)

y/6 > Mk L = N6

]

Here, the quantity A 1s taken to be a constant whose sug-
gested value is 0,09, A similar truncation of the mixing
length is utilized in the present predictions.
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The eddy-viscosity data of Simpson [41] obtained for
a wide range of blowing conditions indicates that A should
not be considered a constant for low values of Re52 . A
better approximation is given by the relation

-0.125

-~
<

A = 0.25 Reg (v-11)

for Reg, < 5600.0 ., For larger values of Reg, , it is sug-
gested that A be truncated at a value of 0,085 ,

In connection with the two-layer model, the mixing length

distribution given by equations (V-10) is utilized. The
parameter A 1s also taken to be a function of Reg, as
indicated. In addition, it was found necessary to apply a
blowing correction to equation (V-ll) in order to accurately
match the theoretical profiles with experimental profiles

in the prediction of highly blown boundary layer flows. The
resulting relation utilized for A 1s given by

N = 0.25 Regy " T2[1 - 67.5F] (V-12)

where A 1is again truncated at a value of 0,085 .
In the continuous model the mixing length distribution
assumed 1is given by

¥v/8 < Mx )/

1}
tad
<
l—.l
1
[0)
s
o]
P e
+
a
+
~———

I
>
o

y/8 > Mk 4 (V-13)

Here, A 1is also assumed to very with Reg, and F in
the manner utilized in the two-layer model.
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C. Prediction of Constant Free-Stream Velocity Data of
Simpson

The present program was used to predict the constant free-
stream velocity data of Simpson [17] in order to check the
program. The constant blowing fraction runs considered consist
of two blowing runs, an impermeable wall run, and a suction
run,

In order to demonstrate the similarity obtained between
experimental and theoretical profiles, the theoretical profiles
predicted for flow over an impermeable flat plate are presented
in Figure 43, These Ut vs y+ profiles, corresponding to the
two-layer, model are shown to be "normal" and acceptable;
similar profiles are obtained with the continuous model.

In Figure 44, the friction factors predicted for all
zero pressure gradient runs considered are compared with the
experimental data. The values of Cf/2 predicted by the
two-layer model and continuous model are shown to agree with
the experimental values at corresponding values of Re52 .

For the highest blowing run, slight deviations are noted but
in considering the degree of experimental uncertainty in
these data the deviations are found to be acceptable,

It is concluded that the prediction program yields
acceptable results in zero pressure gradient flows.

D. Prediction of Present Experimental Results

D.1. Initial profile input

The Patankar-Spalding procedure requires an initial
velocity profile and initial profiles for additional transported
quantities considered. For prediction of the present data,
1/7-th power velocity profiles were assumed for this purpose
in all cases. The corresponding thickness of the boundary
layer was chosen such that the predicted momentum thickness
coincided with that experimentally obtained value at a given
station in the constant free-stream velocity approach region
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of the duct. This matching of momentum thickness was made
in the impermeable wall cases and the corresponding initial
profile was assumed to be invariant with blowing or suction.
This approach was considered reliable in that computations
were pegun at the upstream edge of the porous region where
the layer has yet to adjust to the blowlng or sucking condi-
tion imposed.

D.2. Input of blowing rates and free-stream velocity
distributions

It is necessary to stipulate the boundary conditions
corresponding to the boundary layer flow to be predicted.
The asymptotic and near-asymptotic boundary layer flows of
interest were characterized by constant values of K and
F chosen to fit the associated experimental distributions.

The free-stream velocity distribution was determined by
means of analytical expressions representing the streamwise
distributions of the parameter K . The initial value of
the free-stream velocity corresponded to that experimentally
determined for the constant free-stream velocity approach
region of the duct. Sinusoidal distributions for K were
used to proceed from one constant K region to another in
a continuous manner.

The mass flux at the wall was described by analytical
expressions so that the required constant blowing fraction
was maintained with the associated free-stream velocity dis-
tribution,

D.3. Comparison of prediction with data

The theoretical predictions of H , Re52 , and
Cg/2 for the present data are compared with the experimentally
determined values in Figures 45 through 54. These quantities
are presented as functions of the distance from the upstream
edge of the porous section, The assumed distributions of the
pressure gradient parameter K are presented in all cases,
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and for the data runs where K = 1.45 x 10—6 ,» the resulting
free-stream velocity distribution is also compared with the
experimental values at the given traverse stations.

With the exception of runs 42468, 52868, and 80768, the
theoretical predictions for both models are found to be good.
In all the predictions, with those exceptions noted, the
trends of the data are distinctly represented and the agree-
ment with the data in terms of H and Cf/2 is within the
calculated experimental uncertainty of these parameters. The
associated predictions of Re52 are also acceptable _or
most engineering purposes.

For run 42468 (where K = 0.57 x 10"~ and F = 0,002),
the predictions are shown in Figure 47 to underestimate the

6

value of Cf/2 at the traverse station in the approach
region of the duct. The experimental value of Cg/2 at
this value of Re52 is found to agree with the corresponding
Cg/2 data of Simpson [17]; therefore, it is suggested that
this discrepancy is the result of insufficient adjustment of
the initial profile. For run 52868 (where K = 0.57 x 10-6
and F = -0,002), a similar discrepancy is shown to exist in
Figure 50. Here, the tneoretical predictions of Cf/2 are
found to be in close agreement with the corresponding data
of Simpson; this discrepancy is not considered to be the
result of inadequate data correlations.

Run 80768 (where K = 1.45 x 100 and F = -0.002) is
shown in Figure 54. An adequate prediction of this case was
not excepted with the present program. The experimental
profiles are known to have different characteristics than
those required by the semi-empirical models utilized. It
is presented here only to indicate the limited range of each
physical model proposed. The two-layer model would not
function at all in the presence of such strong pressure
gradients., The continuous model did allow prediction of
the experimental data but poor agreement was obtained as
indicated.
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An obvious comparison to be made is that of the relative
merits of the two sublayer mocels proposed. In the prediction
of Reg, , the models yield similar results whereas deviations
are observed between the two for H and Cf/2 . The continuous
model yields the closest estimate of shape factor H as
expected due to its good agreement with the experimental
profiles. The two-layer model is found to yleld tne closest
estimates of Cf/2 in the pressure gradient flows. Friction
factors are equally well predicted by both models in the zero
pressure gradient regions.

In conclusion, it 1s found that in terms of an overall
prediction one model does not yield superior results relative
to the other. If either H or Cf/2 are of major importance,
the appropriate model should be utilized.

The development of Reg, 1s overpredicted in the recovery
region (constant free-stream velocity) for the strongest
acceleration, Upon inspection of the prediction results, it
was found that a momentum unbalarce exists in the prediction
for this region of the flow whereas conservation of momentum
is satisfied in all other regions.

E. Summary of Results

Theoretical predictions of the present data were obtained
with the Patankar-Spalding procedure [38] using semi-empirical
eddy-viscosity relations. Two eddy-viscosity models were
considered using Prandtl's mixing length hypothesis. The
inner regions of the boundary layer in one are represented
by a two-layer model and in the other by a continuous modified
Van Driest model. The outer regions are represented by means
of a truncation of the mixing length. The effects of transpira-
tion and acceleration are incorporated in terms of the parameters
V; and pt , respectively, in the inner regions. The
bi-logarithmic "law of the wall" proposed by Simpson [17],
the suction data of Simpson, and the present asymptotic and
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near-asymptotic boundary layer flcw data were used to formulate
these models,

Theoretical predictions of experimental constant blowing
fraction runs of Simpson in zero pressure gradients are found
to be acceptable.

Thie theoretical predictions of the present pressure
gradient data are similarily found to be acceptable, except
in those cases where the turbulent models were known a priori
not to apply according to the present data. It follows that
the proposed models are reliable for prediction purposes
in these types of flows.

In terms of an overall prediction both models appear
equaliy useful., The continuous model yvields the Lest estimates
of shape factor whereas the two-layer mcdel ylelds the best
estimates of friction factor.

Some physical implications of the successful prediction
of these daca with such simple models are noteworthy Implicit
in these models are the effects of transpiration and pressure
gradients on the increase or decrease of eddy-viscosity near
the wall. Although these effects are coupled, the same
qualitative behavior is found in those cases where either
transpiration or acceleration are considered separately.

In addition, these are turbulent models which suggests that
the present flows can be considerel turbulent in nature,
except in those cases of sucticn, noted in Chapter IV, where
substantial structural changes are suggested in the inner
regions of the layer.
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Velocity profiles for cases of suction at wall
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Velocity profiles for impermeable wall caces
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Velocity profiles for cases of blowing at wall
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Velocity profiles for cases of blowing at wall
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Velocity profiles for cases of blowing at wall
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CHAPTER VI
SUMMARY

One-hundred-twenty-six boundary layer mean velocity
profiles from the Stanford Heet and lass Transfer Apparatus
are reported for accelerated flows with injection or suction
at the wall., The pressure gradients :nvestigated are those
where K = 0.57 x 10-6 , 0.77 x 10=® , and 1.45 x 10-6 .

For each pressure gradient, the boundary conditions investi-
gated cover a range of constant blowing and sucking fractions
from F = -0.004% to 0.00€ .

These data serve as the basis for eddy-viscosity models
which, combined with a finite-difference procedure, result
in predictions of the data.

A. Conclusions

A.l. Experimental data

a) "Best estimates" of friction factors, based on
the mean velocity profile data, are found to be self-consistent
and in acceptable agreement with other experimentali deter-
minations, agcording to either the momentum integral method
or the viscous sublayer model method. It is found that the
present constant free-stream velocity friction factor data
agrees with that of Simpson [17]. The effects of acceleration
are found to be different in the cases of blowing and suction,
but involves only small deviations from the following cor-
relation of Simpson,

f\)l(‘)
b

_170.7 -1/4
= 0.0130 [”—n%*—"l] (Res)

In suction, the friction factors decrease, whereas with
blowing an increase is indicated.
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b) 1ln the impremeable wall cases, similar profiles
in the inner regions of the layer were attained for all three
values of the pressure gradien' .rrameter K which were
investigated. Two characteris > of the boundary layer are
shown: (1) The profiles deviace from the flat plate "law of
the wall" in an "overshot" manner within the Jogarithmic
region, and (2) the wake region is substantially diminished.
The degree of the profile "overshoot" in the logarithmic
region and the associated decrease in the wake was found to
be greater for progressively higher values of K . The
extent of the logarithmic region, in ut vs y+ coordinates,
is also found to decrease as K 1increases.

These characteristics may be the result of surpressed
turbulence in the region near the wall and a reduction of
shear stress in the wake region, although turbulence measure-

ments were not taken.

¢) The qualitative characteristics of the inner

regions for boundary layer flows in the presence of a strongly

accelerated mainstream apply for the range of blowing and
sucking fractions considered. The quantitative effects are,

however, dependent upon blowing or sucking fraction, Similar-

profiles are found to exist in the inner regions, except in
flows where the structure of the layer appears to be sub-

stantially changed, i.e., where the layer may be relaminarizing,

In the majority of the suction runs, non-similar behavior of
this latter nature was observed,

d) In the outer regions of the boundary layer,
similar profiles were attained for all blouing and sucking
fractions considered, with the exception of the flows where
the sucking fraction was F = -0,004, 1In this exceptional
case, the profiles are found to continually adjust toward a
seemingly laminar mode. It is noteworthy that similarity
is also implied in "velocity-defect coordinates”" as well as
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U/Uy Vs y/6 . This is a result of the friction factor being
essentially constant in the flow direction.

This behavior in the outer regions coupled with a similar
conclusion relating tc the inner regions confirms the existence
of completely similar profiles in asymptotic boundary layer
flows with the exception of those cases noted.

e) The boundary layers reported here are believed
to be turbulent, Unique values of Re52 and shape factor H
correspond to each set of K and F for asymptotic boundary
layers. For asymptotic flows on an impermeable wall, both
Re52 and H are found to be in better agreemzent with those
values predicted on the basis of an assumed turbulent 1/7-th
power profile than with those for an exact laminar solution,

f) The shape factor correlation of Simpson over-
predicts the experimental data and is, therefore, not considered
applicable in such strong favorable pressure gradient flows.

g) Shear stress distributions were calculated for
the present mean veloclity profile data in the asymptotic and
near-asymptotic flow regimes. It i: found that the maximum
shear stress occurs for values of yt 1less than 25 .

ad

In asymptotic or near-asymptotic boundary layers, the
shear stress distribution in the vicinity of the wall is found

t‘_.:mav‘ &

to be approximated by the dimensionless relation

U
o

y
2
Fe1sutv eyt - L g (g_) dy | .
w y
In the event p+ = 0 , this reduces to the shear stress dis-
tribution assumed in the formulation of Simpson's bi-logarithmic

"law of the wall',
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A.2, Theoretical prediction

a) Either of two simple Prandtl mixing length models
formulated predict profiles in acceptable agreement with those
experimentally obtained.

b) The proposed models, summarized in Appendix C,
were used in a Patankar-Spalding pred.ction procedure.
Predictions of H , Reg, , and cf/e for the present data
are found acceptable for most engineering purposes,

¢) In term of an overall prediction, neither model
appears superior to the other. The continuous modified Van
Priest model is observed to yield the best estimates of shape
factor H whereas the two-layer model yields the best estimates

of friction factor.

B. Recommendations for Future Work

B.1l. Experimental research

a) Execute a series of asymptotic runs at suf-
£ lently high accelerations to include complete relaminarization,

b) Non-asymptotic flows should be investigated whi:zh
include variable accelerations and wall boundary conditions to
cetermine the restrictions on the results of the present study,

¢) The decelerated boundary layer with blowing and
suction should be investigated in order to complete the present
study which was restricted to accelerated boundary layers.

d) Hot-wire anemometer studies of the fluctuation
components of velocity should be undertaken, to study the
structure of the layer resulting from these coupled effects
of acceleratic. and transpiration. This investigation would
also allow the generation of shear stress profiles with which
to compare those generated in this work and that of Simpson [17].

e) Foreigrn ges injection poses no problem for the
operation of the present apparatus, Suitable techniques are
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availiable for sampling and measuring concentration profiles.
Such date would materially aid in studying the relative
effects of molecular and turbulent transport mechanisms.

B.2. Theoretical research

a) The present prediction model should be modified
to handle highly non-asymptotic characteristics on the basis
of data obtained in the proposed research investigations.

b) Utilizing the present prediction program, a
systematic investigation of the influence of high velocity
and large temperature difference should be undertaken,

¢) Other existing prediction procedures should be
combined with the required correlations of the piesent data,
if possible, and resulting predictions of the present data
should be obtained. Upon comparison of these results with
the present predictions, the most appropriate model could
be chosen.

Author's Note: The programs mentioned in items
B.1. a,b,d and B.2. a,b are presently
being pursued.
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APPENDIX A

TABULATION OF EXPERIMENTAL DATA

The experimental data is presented in the following

order according to blowing fraction:

I. Unblown flat plate runs

U gft(secz Date of run

42 31067
42 71967
86 72067
126 80867

II. Pressure gradient runs

Date of run

r \
F K= 0.57 x 10°° 0.77 x 107° 1.55 x 1070
0,0 51468 51568 73068
0.001 51068 50768 81368
C.002 42468 42368 81568
0,004 41268 40268 82068
0,006 --- 120867 82668,82268
-0.001 52068 52168 80568
-0,002 52868 52768 80768
-0,004 60168 60468 80968
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For each blowing fraction, the experimental data is
presented in the following order:

SUMMARY TABLE

This table contains the friction factors, integral
parameters, blowing or sucking fractions, and condlitilons
relevant to each profile., Uncertainty estimates for these
quantities are presented for each run.

The enthalpy thickness discrepancies are also presented
where the subscripts p and St refer to profile and
Stanton number estimates, respectively.

SETUP DATA

Ambient conditions, free-stream velocity distributions,
and h" distributions for each pressure gradient run are
tabulated.

VELOCITY AND SHEAR PROFILES

Velocity and calculated shear stress profiles are
tabulated.
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GAS DENSITY (LBM/FT3) = 0.0753 D.CT42 DulTa8
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!
B
i
t X UGl uDDTIX) UGty “DDT(X) uGIx) “DOTIX)
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i 1 Tattl 17,23 ook 25.74
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. 11,953 39,23 LMY 25474
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19,922 39.17 BT Frl
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1
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49,979 hb. 05 0. 00345 5,68 0. 00265 59.20 DeOO44S
51.979 WT.42 36,73 [T 1Y
53,995 48,88 0.0036% 37,82 0. 00204 70453 0. D033
[ £ 55,971 50431 39,0% T2.43
57,971 51496 0400386 40419 s /0300 12437 0.0054R
59,555 53466 41456 12440
. " 55,40 0. 00818 42,99 0. 00322 72437 Ne 00548
] 57,11 44,29 1240
h 59,27 0400441 45,94 0. 00341 72443 N 00551
a 81450 7,57 12,54
{ 53490 0s 00498 49,41 0.NC38T 12457 0, 00550
3 T1.979 hbe 54 51451 12465
i 73,963 69,39 0.00%21 53,89 2400402 72487 0. CN%4T
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2 A3, 962 BA, 34 AB,.13 72,48
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SETUP DATA
1 = VMALL/UG= ~0.002
i :
N 520881 52768~1 80Tos-1
PAMRE (1N, HG) = 29,82 29,79 29.81
TAMAIFNT (NEG=F) = Tea9 9.3 T8.8
Iy PELATIVE MUHIDITY = 0,45 0,45 ENYY
TGAS (DEG-F) = 59,72 60,95 86451
GAS DENSITY (LBM/ET3) = 0.0745 0. 0743 20747
[ GAS VIZCOSITY (FT2/SEC) = 0 164E-C3 O 164E-03 e l63E-R3
x UGt oYX} uGex) HoTIX) UGt x) Ot
1 INCHES ) TFET/SEC) (LAM/FT2-SFC) (FTISEC) (LPR/FT2-SEC) IFT/3EC) [LAM/FT2-SEC)
1.96%9 40438 =0, 00810 3043 =0. 00449 25434 =0, COITY
3.9%3 40,87 30.43 25434
5.951 &), AR =0, 0081C 30.43 =0 N4AT 25. =0, 00374
: 7.961 40,88 30.4) 25.217
9,946 40,91 -0,00610 0441 ~Ga 0N4AS 25425 -0.00175
11.953 “D. A7 10.45 2518
13,937 A0, AR -0,0062% 30,48  -0,00648 25418 ~0,00376
15,945 4C.R8 30.45 25. 19
| o 17,951 “0.89 =0, 00612 30.45 =0, 00447 25+ 34 =GaCN3TH
T 19.922 43.95 .42 25.54
i 214938 40,99  -0.005C9 30.37 -0, 00448 26.21 -0 0038A
23.954 40,88 30,30 2T.00
25.962 40,94 -0a 00607 30.34 =0,00445 27496 -0, 00818
= 27.962 40,91 30,34 28,94
29,978 40490 -0.00818 30.34 -0a CO451 30.27 -0,2045%
1 31939 af, 94 30.35 358
5 33.955 41,04 =0.0061% .45 =0, 00468 33,17 -0.09503
* 35,95% s1413 0.52 34,94
ITL.9T1 al.af =0.00614 IN.AT =0, 00454 .83 =2, 00555
T 19,9R7 42,05 .18 38,91
1 &]1.98% 42.86R0 =0.00649 .78 =-0,00672 Al.4T =0.00624
: 43,943 43,47 32.41 44,23
45,9863 b, 61 -0.008671 33,10 =0.0Na91 4T7.5%1 =-0.00T17
47,970 45,70 311,87 51«32
. 49,979 47,01 =0.0049A W, 72 ~0.00513 55.61 ~0400845
51,979 48,32 35,80 60,88
53,995 49,76 =0.00731 .79 =0.00%37 66418 -0,010C2
55,971 Slelf .82 61,43
57,971 52,78  -0,00782 3,99 -0. 00581 67,72 -N.C1027
59,955 54,49 40424 6T, 78
- 51,979 56,19  ~0.00M27 Al.61 ~0,00612 87,68  =0.01022
i 63,971 57,96 42,86 6
! 65,979 59,94  -0,00885 44,31 =04 00654 -0.N1035
1 67,963 82,07 45,85
89,971 &4, 38 =0, 00951 AT.58 =0, 00697 =N, 01022
TL.979 hh.B6 4. 46
rt 73,963 59,57  =0,71028 5142 -0.0073A -0.01016
! T2.42 53,50
i 5. 75 ~Cu 01124 55,95 -0, 0021 =C. 01020
T9.41 58,64
83,49  =0,0124% 61460 -0, 00RRE -0, 01022
a7.81 "y T9
| 92,47  =0,01381 48,19  =0.01008 -0.01014
7,62 72400
l 103,34  -0.01529 Tea 1l -C. 01118 -0. 01008
. 91,931 109. 72 2
93,947 116.78  -0,01726 ~0.01262 =0.01026

150

s mimar ol




CATE  S'8ap auN Ry L
) Ke 25,90 [4s  Ule &L W BTpizg
Frle WeALLILSe RN
WEALLELUSE =y 48 L A5
SILe ST DN rrtlze caata 1IN
wI0kL

[ F
we il
Tan LA
T Le
[ L
Aad Ja3%0

da el ve it

Lo 250 L ]
Vel Hu sy
fod W susar
L «e"TIT

LeuSle Le Y913

Jecnle

we TET

"alldv

1820

Lel82?

el

a28T. Vi, 22

Lad o1 “e Wi

LT LALETS ) [Tt ]

Vasall LLRM )

8429 L]

Tab32" lalue? nyn
T L. 2853 aa,,a7

LML RN Vadnis 171124

cadld Lad3a% 119, 8

Jafr  S%4y- aukh No, 1
nadt ) fa Bk .BY INe LA

LR B

WRALLIL S = e 3

JéLe  LATE Ta

Talta L LG

e’ ah

lenadl

iy Jaddle | L

s.an§ ETIEET

Wmd LLAUGS =F, wii3e

TLATIDS af 2T 1%

oLt

o4

P rel®

M7
g A
AL.4l
19, 12
L1a7,42
AR I UM 1Y

Tanl et

WL I =gl

[LLIYE IFTY

Lt M ]

OIS

e 1,007

uILS

BLRELTA

9.7

K T taTE-U8

"

e 1,149

ueLus

w19
IR L
Lla%1
1219

Léae?
12a%s
13.15

ey

TS

Tak b9
“aad

151

TATE S20e0

LU |

2 LT LY TS T T T

while wadedlyd WEALL/L

ALLPLUSS =F.735%

CEL® o981 1%

Falhe VinEL

Cak Vs
Panilb

. 3 I.:Tl.' "
el LaTITY

Je V3TR

(NN
Talin
walib.
e Wb
Tahbbl

Cabbit s .99

L1
Falonl ™

s
ZatBan

CATE 87448 MUN AT, L
LIRS e TT.T9 [N, UGS
Frls l.ii2vm
VRALLALUS® =1L 28

SELe FoVYE IMe nLLT,

LG

veSlnd
T 5453
Cad95e
SabSLT
LetBAD
waTC4L

TuT288

CaOGCa

(2500 1]
~5962
v B9 T4
Tabl% L LY
L L LeSGEN
LaThSu Lot ufs

Fuha FTISEL

Ge =0l

PLule =N MNNE

EMA LV L™

Ly

9l 1Y
el N8

1
AT
LIS L
M4, A0
T95.43

15,98
TrTa.s
(Fa)
1387,.%

.
7

7502 FTISET

¥RlLLAGe =Nn20)

L] SPLUGe

2 %CM e

LS

12.a9

146T,39

17e, a7
iba 22
250,41
a0, 52
Tl. s
LT ]

BT,
9 L3

RENFLTA=s  WR9. 72
e 3,978

He 1a271

uRLut

RENELTA2=  Ta2.)
w5908
“Caliti¥a?

HE 1.3
UPLUS  TaueLut
L] Tt
104
Ladn

b |

P

|




CATE S840 AUN w0, 1 CATE  %:Tem RUN MO. L
LI ] s 09,79 [Ny UGs 91,08 FT/SEC  REDELTAZ= TNV LLNY e P90 M. UGs  Bagda BTZREC REDRELTAR= #1927
CRrde CaBadl VALL/UGE =0, 20 Ko S A TVE=08 LYFLESS L] WMALLIUGS =0, 02N e (Y CF B
WMALLPMLUSS =CL 00T PRLUL =0.7004% WRILLPLUSY =C.CI08 PRLUle  DaNNON
DELs %237 1N, DELTAL: 00189 INg LIPS T8 ) DELs Cablu TN, DELTAZ® Ta"40) 1M LEN TS 1]
Talt YioR u/ue LUl LT TauRLUS LY une oL UL

Ca0200 Caf2i) CaShaN Lafubl
00T L LeMaT)
L] L0l vl M Gedla?

L ] Ca 0380
Ce0lon L3N
Geullv B.0420

du0L 20 Cu0sas
Tabded Ca0%e
0.008) Vol
Caul® C.0Te
e -

Falr %) 10107
~a21E e 1200
Lavlile It e Satble

et Ja22% Te bl
vad LA L ] [
Cally #0353
de i) CaddTS
L daval?
TN YT

el el 342
Ja J290 CoDBLA

Lo AT
M Ll
s AL ONTS
CadSLD LN

Caldd: ded TR
TuliT2 tanmn

Jall2d LadTe2

Cabuit T2

Ca TS 24204 1714.93 19,290 Canze Ta4d2 90" 195,91
Lakdl) (PLET S aalanl
2.9510 Lo Lbus G4
vebil) lad16s AT
GaTIT2 LaaT29 Loy MY
Ja TR Lab291 Tl
~=8573 LeTHSA THS.58
s 9322 La%als LT b
DATE 32748 RUA AO. 1 CATE  S27s8 LI TR
L Ce 53,04 IM.  UGs 8.9 FT/SEC  REDELTIZe aTe.l s 3 Ko 66,0 [N UGE 44,00 FT/SEC  PEDELTIZe 8)0.)
CP/7Ze 0400330 VWAL LAUG= =Ca03198 Ke 3. TVRE-08 LFiim ZuC022 VMALLAUGS =6, lniee Ke "L TALE- 8
WRALLPLUS®S =0, 0344 PPLUSE 0039 YRALLALUGS =U.L Ve ERLUGe =0 LTALT
DEL® 0.3537 IN. DELTAZ= 0.03435 IN. we 1,307 DELe LaABy 1IN, DELTAZe ia” TTH [N He 1,374
Yol Y/DEL YRLUS YalMe TIDEL ure URLUS  TEURLUS
Galuty C.0l08 YedaTi ol 184 2e43N
00070 n.0128 s 7 CatTed
L Daf]ea w3299
Daduta Qa1 b

de 5000
we kb2

D210 f.0233 0.5792
0.91% 20209 D.822%
90170 Da0315
Cadl ¥ Da 0341
Panllo 00377
L0280 Cal4Ld Ou T4

0.73T)
LT84
0. TTO8
v TOOC
0080
N 823

M.
“re, 2
AN, a4

89,01
e, AT
AN, V2
are, 9%

LIS
(R1 I 11
(AT

152

EEEE—— LT T BT ’

——




DATE 52748 N N0 L DATE 31T LULICTA |
LOY Ne 77,79 INe UGS S5, FT/SEL  REDELTAZs 378,94 Lo Ue BN,T9 IN.  UGH  aT.Nh ET/GET REDELTIZe 47D
CP/2e 033023 WMALL/UGS =0 n0L14% LORMLLLT 2L CEIle catidoh VEILLAUGE =i, YY) LU A LT B
i WRALLPLUSe =9,004% PELUSe =l N, WRILLPLUSS =T YaY LW e 1
B
H OEL® T.38) (N, PLLTEZs 27204 [ EUTS T CELS o275 INe DELTLZ® Ja 0187 1N, e 1, %00
¥ YolMe Y/OEL s s URLUS  TauPLUS Volhe vi3ML urus LIS (YT, S PO TN -
t Cabiwhl Twd1T0 [T Lr] 1,79 1219 31 Viede gk h
: 0T w0l ore 298 1hs fa802
000 wad227 L) “eit2el 15.1% “a b9 T
Dasy Vad233 1anl L 920
cawl0) ) 11,23 |
Callly Lass
LallN
0a3143
GaG180 .
Gawl B -
Ye B2y
Gaudd
[ AL a
a0332 2
a3 52,52
valA Ty 7504
LadST M.V -
Lada® sl 145,58
Q.Co20 131445 213,40
Bautth 159,90 FL L]
Lalldy 179,94 Wt -
Jeldid0 Niaen Al T
US4 24,47 S2a. 4%
welTT0 WA T Jalal a20a1) N
veluly Ca 3864 [P A4 il.83 1a3T88
H va9T75 W19 1.95%8
Ga¥83% ab, 8 s 1427
1 ] 524420 ; 2.9109 1oatel +
LI T [y LA 2070 PN 1189,24
494,51
nogL TH e 89 -
a0 waf 57
174529 Tadt
0. T2 2.0802 114543 Ca29%
i
H
DATE  31Te8 RUk MO, 1 CATE  #)Ted RuM KDa 1
LT Xe 13,70 IN.  UGe 25,18 FT/SEC  REDELTAZe 88T.4 LI Ko 26,67 IMe UG M, %n ET/SEC REDELTAZe 022.)
CE/2e 9,00353 VMALL /LG =0, NO200 ke Z.00CE OF CFr2e Qa0udeD VHZLL/IS =0, 0139 K= 1.141E-0%
WWALLPLUS= =0,0337 PRLYSe  0,00000 VmALLPLUS= =guf 34l BRLUGe =Y. MTLS
i DEL= T.481 INs DeoThZe 040518 1Ny wa ledaT CHLe T.57) [N DELTAZ® 1,197 [N, He 1,733
» |
FolMa v/DEL UG TPLUS uPLUS YIDR use LS URLUS =
i L wadlas Te 2894 3.38 Ca0L1S Ca3041 LY 322
340080 C.0186 Ca3294 s w0139 Fad3ad 5,7
YU G, 0187 Be3631 Laulse €807 T
Ca0l00 0.02u8 0379 Lall 79 Coabidl [
Cadllc C.0228 043931 e 3199 r " 1
0.013%0 G.N270 0.4518 fau2in
i 0.0150  0.0312  C.4799
t Ca01T0 040353 Cas24)
: 0.01% L0395 Cotaa2
. t.0210 Ca038 0.3802 T
Da 5984 TebTLl
CablnT 27000 {
i 0.8500 far211 -
1 LN e 7508
N C.TCTL 2,775
E | VT340 fa 7524
« & C.75%3 Caflls T
c.T8C CelZbt
f 0. 7992 Cabads |
8 T CatbAs i
¥ Le 2383 08732

vadnle Ca893%
CTaddT2 Laf13%
e 3049 e 9208

57

a8
PRTEY

¢
L
[
a
.
bl
[4
[

Lol

ATV
i L1

anl
™

153

B e e S




-
-

DATL  diTen AUk wo, 1 OATE  #1Ter RUK MOy |
e ) Te T8 % [N, LGe  ATL00 BT/RET AEOCLTAZ- 4%, 7 LTY We AS.04 INe  UGe AT.58 FT/5E"  REDELTARs 19%.4
LA CINTE A AT YWALL/LSe =P m230 LR L3 L BT ) CF/2= C 00000 VALL /UG =0,00%00 A= 0,190 0%
YRILLPLUSE =Y. 0040 BELUS s =i, 20T WRALLALUSS =D.C358 ALY =0, 00401
TELe YanlE INe CELTaZ= A.rist M, He 1081 DEL" T.019 N BELTIZ® D414 [N Lo IL ]
Vilhe Y/0RL uG (L AT LA LY v/DEL e vhius

Talubd va0lbd [ e Ll Y
000ty Lavlbs [ 1 0.6073
s UM Ja0l0e nyrns
. 2 w213 fabdb2l 040098
v 2N DahT84) e dlZd
§. 1« Lalb0 Co8200 Ca0118
-
GOl 2w [ 1 040129
L Tall W CaldCe L] vatlas
Nedi 0 Ve 2388 L
de 1T P T3] “
saU19 Cauasy « 8998
Agadlv Lenan? ca.T272 re0TA
Catl 7528 CalBal
Neddiy ]
La™300C Callle
Pauiy tul)LT
D, 043% ueldTL
Coitiu Col8l
oy uniu Co20e
Ve d T8
L L
rel2an

Calbhn wa 304
Ja2lnd ru911

1
Ladbal
Ta3308 Ls TORZ

34,0
sle. 00
15179 Ll
1.6733 Tadadl
(R AUN MO, ) OMTE  BuTen RyM MO, )
Us A%.83 Ihe UGS 95.% FT/SEC  BEDELTIZe  333%,4 LN Ko 8l.TT IN.  UGs 8841 FT/SEC  REDELTAZ= 424,93
CF/2e LadON1D VeALL/UGe ~C.0u20% Bs Py SLE-uY CF/ls LanudLS VMALL/UGs =0,00200 K= 0.0000 00
YRALLFLUS® =Cal YoR PRLUSE =0, 008Th VHALLPLUSS =G.C357 PPLUSe  0,00700
CEL Gala) INe DELTH2= 0,012 1IN, e 1,80 DEL® ol WS DN, DELTAZ= 0,0122 INe ke 1,509
E Ty lMa T/DEL uiLG YRLUS wrLug Talhg v/DEL urLus
UeudeS Dauzed J.4550 Ve dus Le032% Blb
GuBTS  L.0W9  C.49e CudGTI 0.0 "
JadC RS La03%0 CeSaDl GabOMy C.043) L
0a3C98  C.0391  Cutl2e a00%  DeCaRT 10,71
CadlLS  DuCadd Cadily  0.d%41 11,31
faa018 Le0ATH Cabbby cuille Ca0%%8 L1
10128 £.081%  D.aWGE .U 0.0050 290
Ca7135  CaC858 C.T13% NAL30 0,070 2s 04
FuOlAS €087 0.T3DE 0.0180  C.OTSE 1.9
AaUl6S  CoOaB0 N, TTR4 0.0180  Nl.0888 3.4l
S 0189 ta0Te2 Cabil? Ja3182 2a09TH Jel4
‘ Cu020%  wa0aS  0.02W Cadlfu  ColOB) T TY
0uU2YS  CO%8  (.BaT Uadldv  Culle3 .99
Cali2ad velaeg QuPéaT ved2T0 Oe land $.00
- CaudC3  Du125T  C.tATS Geudl  CulTHR 9.42
)88 Caland - 9030 0s30% 2001 300
2.0428  0.1731  C.%208 CasbT0  Calbas 610
[N L] Ca®alr 2370 Ja Ml LAY e dh
? ULONIS  CaDAAD  0.9%84 131,55 17,08 0,0890  Q.TIS  C.MITe 1N
+ A d1Bs Tednng e 186,89  1T.41 (L] Qaba3d Ca 9507 1™
Li Cul885  0u6945 . 9HCS 2ed.48  ITy81 " 070 5.8251 C.%27 1.17
Fa2433 140933 (L9901 Miel 17,78 0.1170 0.8304  0.9THD T. 9
e 310 L2 o W9aL WlaTh 17,89 Ve lATO 2. 7900 O %834 Te34
Ua 1018 le&21Y £ w008 819,92 17,9 01970 10888 %921 Tob0
- Ga4e88 19303 C.99 T 17,0 nu2ete Cavesn TaTh
EXS 10 L ST TR 854,21 17,9 W29 (8] T. 1
04 34Tu Oaveer T.82
2ed220 a.ve08 T.83
L. CodiTd Lavec. LN

[
]
[ 158
@




CATE  #0Ten AUN MO, 1 DATE  w.Tel RUN NOs 1

Me T EE %70 IM. UBs 88,62 PT/SEC REDELTARs  47),7 e Ee B9.TH Ne UGe BB, TY FT/SEC  AEDELTAZe 1180,% |
-
CF/2s 0,00330  VWALL/UGe =0,00100 R+ §.000E 09 CF/2e 0.00293 VRILL/UGS =0,70198  ®= 7LLACF AP

YMALLPLUS® =0.C %8 PRLUSs  0.00000 VRALLP USe =,  de8 PRLUS s w0008

OEL® 0,229 IN.  [ELTAZe 0.0192 (M. e 1353 DELe 0,089 [N. DELTFTe NanddL I, He 1, %0 1

Volke ¥/0EL uiue Lus Yelha e YRLUS  WRLus i
0.0080 Qa0282 044901 Dekdas L]
0.0070 C.0004 o, ) “Nie
08,0080 Q.034% 10.n9

9.00% 0,093
C.0100 0.0438
B.0110 00480

P 0120 QuCHEN c.a00l
0.0811 07118
0.0Ta2 0.7
C.00T3 0s 7540

041047
1309

LT

Qa4
G.08%
0.0080

falbag €

DalPe 0.5951
Vullbl Da 410
Ds2580 0 7204
Gu 2840
UadiAL
130 Dadbtd

17.38 0474

1730 Cuddsd [0 0T, 7
1740 Gat180 la5424 l.0000 1718, 48

0,525 2911 1.0000

-y

e

155




T —— )
P i L T SR "

T T

16°€ 98° ¢ =
€6°¢ €6°€ =
6" € 99°€ i
62°1 62 1 f12°
€ GEN wetf
5% wl % 82"t
ot c9 =
o€ o+ o€ ot
€6° Y €61 6T 1
181 18" 1 w2t
wm.: mN.m ceh
- 80° 3T 1
mm.m 0€°S --
of* o+ Q1O+
91 16° % 8T 17
15 1G°f AR
S99 1 594y 60" 1
w7l Ll 70" %
G99 59 e
0¢ "o+ oI OF
TW.H. m—~ = i
5 Hs  BES
28 38 g8
i B SED
)~ SsSHME
- o 7
0T X 2/%9

g2 h
92 f
6T 1
€1

Go*o+

T T N R e R B L

10T
TIT
LET
89T

L9€
9e¢s
%0T+

98

90T
ALT
8L
w61

%G1+

€g

€T
cic
cle

%G1+

RE52

S,

70° =

00" t-
TO #-
20" ot

F x 103

mp.mw L=N
0.°69 9 =N
LL°19 S =N
mm.m: =N
9°.E £E=N
19°6e 2=N
8L €T IT=NK
20° Gt 1/89608
6L.°G8 G =N
6.°LL =N
£€8°99 € =R
98° €5 2 =R
06°62 IT=R
20° ot S/89%09 -~
n
—
6.°GQ8 S =R
m».t m =N
8°99 =R
98°£§ 2=N
06°62 IT=NK
20° o+ G/89109
= <2
H « O
- oH
s g
BHE&
3




[ |

d

-
[ M

- e

RUNT

BPAARD 11Ny MG) =

TAMRIENT (DEG=F) =
BELATIVE HUMIDITY o

TGAS (DEG=F) =

GAS DENSITY (L®M/FTY) =
GAS VISCOSITY (FT2/5ECH =

x
LINCHES )

19869
3,953
5.973
Te9EL
9,969
11.9%3

13,937
15+ 945
17.953
19,927
214938
23, 9%

25,962
2T.962
29,978
31,930
33,955
315,955

37,971
39,907
41,963
41,953
45,953
4T, 970

49,979
51.979
53,995
558,971
87,971
59,955

61.979
63,97
65.979
67,983
49,971
Tle 970

TY.963

83,962
85,931
L]

91.93
93,947

SFTUP DATA

VWALL/ UG =0,004

616M=1
29, 86
AD.0

L1
T0.24
0.074%

N LOAE=(Y

weiv) MONTEX)
IFT/SEC) ILBM/FT2-SEL)

40.92 =Ca0122%

40,97
40,92 =0.01218
0. 97
47,92 =-0.01218
40,95
40,92 =Ca01221
40.97
42,97 =0,01217
an,87
40404 =0.0121%
40,75
40,79 =0. 01214
af, 77
4. T8 -Ca 01217
40,77
40.AT -C. 01219
40,98
sle.28 -0.01223
4la.hB
42,22 =0.01265
42,95
43,70 =0, 01300
4,04
45,78 =0s 01303
4T N4
45,3 =0a 1434
49,73
51.15 =0, 01537
52,77
54,45 =0.01629
56409
ELCLL -0 01730
59,94
A2411 =uUs O185R
bh a2

66,97 =0, 02003
T2.7C -0, 02175
=0.N2301

8,27 ~0.02622
98,34 =2, 02937
1lu.7C =0 032286

157

L] B ]

29,81

5.7

0,45

b4, 93

N 0The

N 16 IF=(

nix) “NATIX)
(ETISEC) ILAM/FT2=5F0)

Wbl =0.9M91s

10,40 )

0.0 e O0IS

.49

30,66 =0 NCI %

1 h8

A0 50 =Ca 0N91 1

10.868

WLa4 -0e 00917

30,60

37,57 =Ca0M91%

30451

1057 =0, Jrac?

.87

30,57 =04 00917

10.57

30460 =0. 00911

W0.TL

30,82 =0.09927

NS

.57 =Us ON945%

3214

2. Th =0. D081

33,41

.23 =0. 01029

.24

.13 =0,01076

ar.23

.38 =Cs Ul 144

39,54

40,70 -0,01226

42,08

43,38 =0, 01307

b, A8

b, h) =0 01399

R, 21

50.08 -0+ 01507

5214

54.3%9 =0s 01681

56491

59,79 -0 Cl80R

62.Ts

65,% =0. 01970

59,57

Tl ks =0,02197

17.82

82,71 =0, 024A7

LI LY B

29.89

T

(Y

bb.08

welT.8

Ua'odE-(D

UGl x) uONTIXY

(FT/SEL) ILAF'FT2=5EC)

25.44 =0. CLTTI

25.4%

25.0v =Pe N 782

25.8u

25.77 =0 PAT5S

2% 78

¢SeTu =0s PNTA2

2% 04

2bs02 =faFCTHA

26431

27.18% =0.Cnene

£8.04

2917 =A,nere

Wenl

3l.8% =0aC00®

33,28

35.u7 =Ca01733

37.00

398 =Ta 011409

“labs

LI TRl =N, C131

4Taud

SueTu =0. 01505

54,94

0.0 =0. 01870

bball

T3aue =M. 2114

75413

T=ed9 =0, 02730

Te.94

Tauls =N, 02211

TeaTl

Thu b9 =Ca 02724

Té:Te

Teale =0.C2211

TeaT2

Teat? =0, 02734
=N, 02218
=2.02278
=0,02213
=2.02244
=0a.02244

—r

i M“‘v_ B " ”””

S —

it o, T .




2aTE enad LRI - | CATE  »ila® Uk NC.
| LN | Le 79,90 [N, UGe eJuTe FT/SEC REDELTAYs  2TA.C w2 Ce 43,08 1N UGe A% N ET/GE REDELTAZs 111.0
CEFZe T.008e3 VRALL/UGs =7 Moen) A S AL 0t PUTFERPRC AT 1Y VRALLAUGE =UaWhau. Be L RARE-T
}' WRALLPLUS® =0u¢ S8 LUTE DT WeALLPLUSS =Cun 80 PRLULe =0.u01 e
‘ CHEL= 2278 In. DELTAYs DLGLNT 1N e Jasal PELe Ju0TH 1% BELTAZ® 04 AT [ng (R Ty
Taln, LUl velke
Qadu%
Cad08%
Ca0ams
. )
0.uI9s
f.71C%
0.911%
€.n18%
2.21%%
WIS
[t
0.021%
0.129% nar2ed
Lo L 12
ra03as 0.4 3
]
Yal$48
Lataly 1
cousTs LaTate |
e LallT3 18T, A0 |
Calsld Falals !
QalTeS Ca217%
.28 Ca267%
Calees LT
' 0a310% Ca V923
03043 Cahaly
ales CoSais
\ 0.4%1% a.817%

i' SATE  aJlsd LIRS | CATE  siled Ak w0, 1 ) I
; [ ] s G403 DM, UGs 3B.4% FT/LEC  REDELTAT= 133.0 LY s TTLTR . UGe  TiaSA FTYGEC AENELTA2e 95,5 1
: CErls G005 WeALL/LGs =0.00190 s A ST:E-08 CEf2e CadoasT VRALL/LGS =g."a T us LAUYE=O8
i wedLLm e =C.L50) PRL S =Q.C01NL VRILLPLUS Y =ven gl Pl =Lat13%
CELs CaD30 1% DELTAZ= D.rOA% [N, [ LA CEL® 1.729 IN. CELY*¥e S.0726 IMe e 2.N5T }
I
Toin us L TalN vIDEL ueLUS i
3.00%% .12 "aduiY r.l1aTe .17

{
- C.008% 13,14 e dTHS
! 0.9073 1518 Celuls
i f.0008 17.18 CadiNs |
t 0 0053 i%.20 wwtiaes &
i 0.210% .23 Ge 173 3
|
1 n.oL18 LT
0,013 1%
049143 c.t13s i
€.910% 071355
0.321% £.17% |
X 0.32%% el i
H 2.31% [ l
-3 C.308% %8 -
0.3083 ] :
0.0%8% 35 3
TauTh 1. 1
: 0.108% Tad48s =
we-0l%
f La 88
a8
' Tal2.N
CalhLy
felecy

158




BATE  w3le8 N w0, | T P wUy w0, |
. ns 3 = .M 1IN, WG BT.4% FT/SEC AENELTARS Al." - ] e 15,9 IN. WGs VAT FRSRE” RFDELTARs  19%,4%
CF/Te 2.00451  WMALLZUG® =L.27424 e PLIRME-08 CEAZe 200325 WMALL/UGS = (43822 Ee Cu04tE OO 1
VNALLALULS ~0,0801 PRLUSS -0.001% VHALLPLUS® = o0 999 BLUNE 9, N un
DEL™ 04026 IN.  DILTAZ® wafOLY 1% e 232 OELS Solal IN.  DELTAI® Cul (2. 1% CORML Y
Yalh, vroeL s Yiln, vioRL urue ueL s

Ve 3IW3 wa 433 va 227 wa JEN?
Pa004s e 120N 4377
0e00TH uaaTel
= n.000% La3L8)
3 Cala¥d ]
' Ca0lOd LaB8rR
0018 Tkl

D.081%

[t

B.813

LA [JL]
Jeluns &
Falais R 18247
calu3s RN IR TS

1 Fe2338 Ca 9082 2ae

a.2808 e
€a3338 .
03818

1.5044
0aa35 L7913

—

po—
bt -

A

|

DATE  &lsad myw W, 1 DATE & iesn RUN WG, 1

LI } i 3.0 IM. UGs Y. 00 FT/SEC  REDELTAZ= 148.4 "3 U= &4.83 IN.  UGs &3, TS FT/SEC  MEDELTAX= L1T."

| =

CE/2s y.00A% VALL/UGSe =0.904d) Ke . TA2E-08 SFke (30473 WA LL/LGe ~C. A0 K TVEr-

Sh it &

WEALLPLUS® —0.0%4% BRLUSs <000 21N WRALLPLUS® =), 500 LUl “Narulde
CEL= 0.122 iNs OELTAZ= G700 IN. Lo DELs f.359 1N DELTEDe G752 INe Lo TR L]

oy b bl o

urLUg Falla LU URLuS

el 1.049%
2.0u0%
G.027%
T.008%
0098

.40 ha T2
Ll T2
1138 Lo ]
%09 A

Tatl TS

Ca011%
n,912%
0L.0109
U014
Nl
eLOLTS

0.019%
calls

«329%
“a020%
Cqudos
C.0033

Lalals
Gal498
0t 3
f.a0C%
1078
Cale2s

Cal02%
N, 2323 -
Lelf23 Tadled
Ca3325 2. T283
Cad02% LRl

To9441
Cafles

851
3

Tal 403 LM LA S L Nayat

alB83 faltne Ca¥SAY ATL 32 l4esR
wedded sl laE0fK LR LI E ]

159



JATE LRt "y &0, 1

LIS s TP.TE INe
wEIEs Gud0NAT
WerLLPLUS

CEL® Lauhd [Ng

¥/0EL

LT L

e dbly
g,

Callns

Ve iUY ZehaTn
135 1a%34)
i1

i
La 03T

T addlS
1s%149
19793
2. 5800
Jells
CalTi3 ALY

UGs=  Sa, 1) BTSECT

YRALLAUGE =Py inia)?

i L

PELTE2e Qa7 3N N,

wiuf

[ 1T% ]
L]
Cabal?
A TLNE
e TR AL
CaTARS

daf T8

TATE LEL 1] AuN N0. 1

e 1 e L3.TH IN.
CFrze Sadusdd
WHALLBL U

DEL® CowaS 14,

¥i0eL

[ ¥

CaL 31T
eIl
Tl wadbal
LauTTS
Y947
Jallg2

La" 524

Telatw
L.2#Te

BPLUSe

veLUS

1S,
124,22
Lab, 92
FTE
27294
Man

UG 25,78 ETFSEC

VHALL/UGE =f.0)13%

=Lawtl ¥

DELTAZ= A,0%9% IN.

et A
Cat599

A hRie

rabs29
O T0AT

Cacsny
L

PRELUS

TeLAS

19
8.5
5. 91

AL TR ]
AT, 99
A2V

Ahhe 5
3,42

0a

WEDELTA2s
CORES LT 2T
CELTAL]

He 2.PSA

1T

132
11,59
13,7

REDELTAZ.

Re 2.0 VE Q7

He 1,354

urLys

e

oPTE w .l Buk &0, ]

e 4 e 8579 [N.  UGs 6%, 07 FT/SEC

CE/Ye J,0ua8) VHMALL/AUGS =0 nads

VMPLLFLUS® =0,03T8

ClLe 1M M. DELTAZs AorGle TNy

viuG

Cat337
[ ']

CatbbT
Y9703
L L
%9921

V9N LIS M |

e s 29,67 IN.  UGE

113,59
1nr.mn
18Ta44

31.8% FT/SEC

LEfEe JoMasT VRILLAUGE =U." 7004

WHALLPLUS® =3, 0504

CEL® La%l2 INe DELTEZ= Maf225% 1he

YIOEL uie

Julen
LA
Ladl e
Tavlly
Lad24)
Luo2a?

Lt 292
fa0343
Caudny

CaTTAL

07452

Ce AT Halla?

GadS%u Calads
Ve dTH Cal7T8
Ve Lel200
Talla? e80T
Mg L& 3 ue3ATS
Cal9Mu 04009

CaZadd a0
La29W LaT119
Fadadu n. 8304
Ve )9l Ve 9549
Fabadd Lot ToA
ae I La1979%

(%15 TH L di%=

MEDELTE 2w

REDELTIZe  dbad
s O TTRE-04

BRLUS s =0 f022 S

He T304

K= 0.137E-03

PRLUSE =0.00442

YRLUS

Babl
Tl
1

2
.02
12.11

2.t
Tha 2y

ot
9. 74
33.08
1Taad
a2.98
SlaTe

4,99
13,41
1924 44
129,97
157,51
212,58

TATubt
3

UPLUS

wro




[

rETE [RCIT ] Wk W0, | TATE 1i%al SUN %O, 1
LI ] € 37,89 1% Lha Vg en BRIRES BERELTAZe 2508 LY s Ak N, UG S3.42 FY/SEC MEDELTEZ=  L40a)
CEAEe Julabde Vel LLAuGe = 0 A0S Ke Lo lalE="S LEPYe G009 VEALL/LGS =Py 00add &= N, l40E=0%
WRPLLFLUT e =Lty PRLL S =iyt AATY VeALLPLUSe =0, 0810 PRLUYs =0, 00820
Tenw Ca2TS TN CELTEZ® 1ol 12T QM. He |40 DeLs Ma082 14 CLLTET= 2,008% IN. HE LL.TTA
IOk WL urLas Tal¥e urug YrLUS s
Taa7 (el Ge JobS C.AETS

LR
\ (AT B wedula
TaVi%y wedd®

v auglu Callfu Cablas

I sl Levlld us TN

\ Par i B 2. 7454

b Ve

~abilay

(.} T
T 2872
£a9801 T.200%
FeStLl Ladd
£ Jeslle
e 308
"

4V5,.09 1510
S dahae 1%.1)
ehasT 13419
SMads 15.18
sal.41 1549 Ledlly

1.9117

CATZ  mised RN NC. ) DATE  47Ss8 LITCR  |
LTI ] te 6L 7T IM.  UG= T5.2% FT/SEC  SEDELTAZ= 1%Va.t L s 89,70 IM.  UGs T5.40 ET/SEC  BEDELTAZ= 11kW1
CEIZe 4a0)% VERLLIIGS =i 394 e T 1IE O TR J.009) VHALLAUGe =0,0039) K= L0 0F a8
VRALLALUSE ~tai 828 PRLUSE . DTOmN WRALLPLUSS =G.C82T PeLuse  J.00000 i
DkL= Ca0)8 1N, PELTEZ® DaF Ve DN W 2,192 CEL® wald2 IN. QELTITe J.FC29 [N W 2,077
Yaln, vI0EL unG oLy uPLUS Talhe YINEL une urLuS :
Le 352 atile Ta 1847 Ca3m7% .37
Caelcl Nk Tu a213% Gabbak
PakTIP e 2. 7202
CaT2X0 Va0 CaTTIR
CaT758 Cadllr C.0159
e BUTT T P11 Latan
CaPYRC
S8l

fa3800
3

2,009
2,770 13,95
Ya 5401 19,95
3 19,95
15.%
3.8 19.98
20,08 1%.92 laléed  Ta3E8L TR 15.9

53218 r.e5e THI A2 15,9

§.9999 Tatire WL 189




GATE @
LI

wF/

(L] LU

= 8570 N,
s Ca0ud97
WeALLPLUYe

DELs Cad29 INe

Vel

Usduba
Ful3T
80000
L
CablEy
ERUTE

Aauldd
GaN M0

viORL
Ladlnd

LOL A ]
Te oY

UGs  TH.40 FT/SEC

VaALL/LGs =0,00007

={aChY) LUl
CELTRZ® D0O26 1M,

une LS
9004 15,53
Tabd Le. 90
C.Ir % 19,41
ca.7811 21.83
Ca e e 20
CabaLi Ths bl
Dulie il
Ga 0¥ M. %
c.%007 M
[N .00
0.9352 ala b
09529 4,09
09717 1308
9023 .88
Ca¥ol? Tt T8
0.1 AT, 33
0, %982 Wl.0n
laCa0c e ad

NEDELTAR= 101.3
= c.000F 03
Ualal 00

W P.822

LS

162

"

|
I
i
I
i




APPENDIX B
BASIC DATA REDUCTION PROGRAM LISTING

——

163

i




SWATFOR
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THE FOLLOWING PROGRAM REDUCES CONSTANT VELCCITY PROFILE DATA TAKEN
ON THE STANFORD HEAT AND MESS TRANSFER APPARATUS

SOME OF THE SYMBOLS UTILIZED IN THE PRIGRAM REPRESENT THE FOLLOWING
IMPCRTANT QUANTITIES:

CFFLAG= 1.0 IF PROFILE IS IN PRESSURE GRADIENT REGINN
0,0 IF NOT IN PRESSURF GRADIENT REGION

CMFLAG= 1,0 IF LARGE ROTAMFTERS USED IN FORWARC SECTION
0e0 IF SMALL ROTAMETERS USED IN FORWARD SECTION

NPLATE= PLATE AT WHICH DIFFERENT ROTAMETER 1S FIRST USED
0 IF ONLY ONE TYPE OF ROTAMETER USED

CHM= ROTAMETER SETTINGS

EQ= PLATE TEMPERATURE (MILLIVOLTS)

0D= HEIGHT OF PROBE HEAD (INCKES)

P= TOTAL PRESSURE MINUS REFERENCE STATIC PRESSURE (INe H20)
NOTE: REFERENCE STATIC PORT ADJACENT TO PROBE TIP

PBAR= BAROMETRIC PRESSURE (INe HG)

PO= REFERENCE STATIC PRESSURE (IN« H20)

PROT= PRESSURE OF ROTAMETERS ABOVE AMBIENT PRESSURE (MM HG)

PTOTAL= TOTAL PRESSURE IN DUCT (INs H20)

RHUM= RELATIVE HUMIDITY

TAMB= AMBIENT TEMPERATURE (DECG-F)

TG= FREESTREAM GAS TEMFERATURE (MILLIVOLTS OR DEG-F)

TROT= TEMPERATURE OF GAS ENTERING ROTAMETFR3 (MILLIVOLTS)

X= DISTANCE OF PROBE TIF FROM ENTRANCE <¢ YEST SECTION (INCHES)

Y= DISTANCE FROM PLATE SURFACE (INCHES)
U= MEAN VELOCITY (FT/SEC)

UGG= LOCAL FREESTREAM VELOCITY (FT/SEC)
UUG= U/UGG

YDEL= Y/OEL

DEL= Y~POSITION WHERE UUG=C.9% | INCHES)
DELT1= DISPLACEMENT THICKNESS (INCHES)
DELT2= MDMENTUM THICKNESS (INCHES)

H= SHAPE FACTOR

REDEL2= MOMENTUM THICKNESS REYNOLDS NUMBER

FM= LOCAL BLOWING FRACTICN VO/UGG
MDOTM= LOCAL MASS FLUX AT PLATE SURFACE (LBM/SEC-FT2)
XM= LOCAL PRESSURE GRADIENT PARAMETER

CF2SL= CF/2 BASED ON SUBLAYER EQUATION AND FIRST DATA POINT
CF25L2= CF/2 BASED ON SUBLAYSR EQUATION AND SECOND DATA POINT
UPLUS1= U+ BASED ON CF2SL

YPLUS1= Y+ BASED ON CF2SL

PPLUS1= P+ BASED ON CF2SL

VPLUS1= VO+ BASED ON CF2SL

CFMICR= CF/2 BASED ON COMPLETE TRANSFORMED MOMENTUM INTEGRAL EQU.
CF2MI= CF/2 BASED ON ASYMPTOTIC FORM OF MOMENTUM INTEGRAL EQUATION
UPLUS2= U+ BASED ON CFMICR

YPLUS2= U+ BASEu ON CFMICR

PPLUS2= P+ BASED ON CFMICR

VPLUS2= VO+ BASED CN CFMICR

DECLARATION OF VARIABLE TYPES

REAL AyByCyCFCORR(10)CFFLAGI1D),CFMICRIL10),CF2MI(10),CF25L110),
1CF25L2(10) ,CH20,CM{24) +CMFLG,CP1,CP2,D+DCP,DDP(10)yDEEL(10),
2DEE2(10),DEL(10),DEL1(10),DEL2(10),DELT1(10),DELT2(10),0UDX(48B]),
3EO0(24) yEPSF(24) 4 FHIL0) o HIL0) 4K (48),KFLOW(24),KFUDGE(24)+KM{10),
4MA, MDOT (24 ) ,MDOTM(10) ,MV,0D(10)4P(10+50)+PAMB,PBAR,PINF(10),PO(48)
54PPLUSL(10)+PPLUS2(10)+PROT+PROTA,PROTAB,PTOTAL,PSATI(12),PVAPRA,
6RAD,REDEL2(10 ) yREP 4REPL+REPS yREX(48) yREXUGG(10)RHOA,RHOG(48),RHOH
T+RHOL yRHOSAT(12) s RHOUyRHOV,RHOZRO( 24) y RHUMs RMy SFLAG(10) »
8SUM1(10,50) ySUM2(10+50) »T ¢ TAMB, TAVG(24),TEMP(12),7G,TO(24),TROT,
9TROTA,U(10450) yUG(48),UGG(10) ,UPLUSL(10+50) yUPLUS2(10,50),
1UUG(10,50) s VAPH,VAPL,VEPS,VISC(10),VISCG(48),VPLUSL(10},VPLUS2(10)
2+VIERO(24) yVIEROM( L0 ) o WACT(24)yWSTD(24) 4 WSTDJI o X(10)4XS(48),
3Y(10,+50),YDEL(10,50),Y0(10),YPLUS1(10+50)+YPLUS2(10,50)

INTEGER DATE.DPyNPREFI(10)sRyRUNND:S,2(10)
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Il. FIXED DATA INPUTS

! KFLOW,KFUDGE= CORRECTICN TERMS THAT WEIGHT ROTAMETER READINGS FOR
FLOW THKOUGH CFNTFR 6-INe SPAN OF PLATE

DATA KFLOWI(L1) ¢KFLOWI2) yKFLOW(3) 4KFLOW(&) 4KFLOW(S) JKFLOWIS) 4 KFLOW LT
L) oKFLOW(B) ¢ KFLOWES ) yKFLOW(LC ) yKFLOWILL ) o KFLOWI12) KFLOW(L3)
2KFLOWIL4) KFLOWILS ) o KFLOWI16) oKFLOWILT ) o KFLOW(XA) 4KFLOW(LD ),
IKFLOWI20 )y KFLOW( 2L ) yKFLOW(22) +KFLOW(23) ;KFLOW(24) /2 ,0204,1,017 1,
414063094 1.24175140309414030911018341404934140225,1,0449,1,0331,
51s042P31,0504,1.037341.0526,1:0152,51,0341,1,0331,1.0081,41.C471,
61403634140428,1.001841,0331/

CATA KFUDGEIL)+KFUDGE(2)yXKFUDGE(3)yKFUDGE (%) 4XKFUDGE(5),KFUDGE(6),
LKFUDGE( 7 )4 KFUDGE(B ) s KFUDGE(9) yKFUDGE(]10) yKFUDGE(11) ,KFUDGE(12),
2KFUDGE(13) yKFUDGE(14),¥FUDGE(15),KFUDGE(16)+KFUDGE(1T),KFUDGE(1F),
IKFUDGE( 19) yKFIIDGE(20) o» FUDGE(21 ) yKFUDGE(22) yKFUDGE(23)4KFUDGE(24 )/
4=0,01040e02440e03-2.0025104008Cy0e00440e0049-2.00840.00840.0,C4"N%
530sU083)a0pua1230400630a01640s01040,01640:01640,005,0,01640,017,
60.,010,0,v087

B: XS= POSITICNS OF STATIC PCRTS

DATA XS(L1DsXSU2)yXSU(3)sXS(4) s XSU5) s XS(6),XSUT)oXS(ANyAS(F)HXS(INY,
IXSCL1DaXSU22)9XS(13)4XSU14),XS(15)XS(L6)XSILTIoXS(1B)4X5(19),
2XS(2004XSU21 09 XS(22)4X5023), XS0 24), XS(25) 4 XS125)4XS(27)4X5(28),
3XS(29)4XS130)9XS(31)s4XS5(32)4XSU33)4XS(34)4XS5(35)4XS(36),XS(37),
4XS138)3X5039) 4 XS(40) s XS(AL) 4 XS142) 1 XS5143) 4XS144) 4XS145) XS (46),
SXS(4T 1y XS{481/14969532953 5,953,7296119969911:953413.937415:945,
6170953119922+ 21493892309541254962+27:962,29.978931,939,33,955,
735495513709 71939:987+410963+424963945,963,474979+49:579,51.979,
85349951554 9T1 1570971 159e955,610979963.971+65:979467496%,69:971,
9T1a9791 734963+ 754939: 77947, 75:939+81.931,83.962yR5.,931,87.915,
289,939,91.931,493,947,96.C/

C: PROPERTIES OF DRY AIR

DATA TE4P(L1),TEMP(2),TEMF (2) ,TEMP(4);TEMP(5)+TEMP(6),TEMP(T),
LTEMP(B) y TEMP(9)/4040+5040160CeCy70.0980:0,904071004N4110:G+12C0/

DATA PSAT(1),PSATI2),PSAT(2),PSAT(4),PSATIS),PSAT(6)+PSAT(T),
LPSATI(8) 4PSAT(9)/17e53,25465:36,90,52,20,73,00,100.40,136,50,183, 460
24243, 70/

DATA RHOSATI(1)RHOSATI2),RHOSAT(3),RHOSAT(4),RHOSAT(5),RHOSATI(6),
LRHOSAT(7) yRHOSAT(8) yRHOSATI9) /G, 000409,0,000587,0.000830,0.C001153,
20,00158340.002139,0,002853,0."03770,9.,004920/

D: THERMOCOUPLE CALIBRATION CONSTANTS
DATA AyByCyD/=2220647034781e25174950782,0,256/

IIT1. READING AND RECORDING DOF INPUT DATA

Az RUN CLASSIFICATION

1 FORMAT(I692XsI192Xs1192XsF5.046%,12)
2 READ(5,1) DATE,RUNNOySyRADs;NPLATE
3 FORMAT(1H1)
WRITE(6,3)
WRITE(6,3)
WRITE(64+3)
4 FORMAT(3TH RUN NO. NO. OF TRAV, RADIUS)
WRITE(S44)
5 FORMATIS5XyI1691H~yI1+8Xs11,10X4F5,3)
WRITE(&6+5) DATE+RUNNO,SyRAD
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B: INDIVIDUAL PROFILE DATA

DO 13 M=1,5
6 FORMAT(F640s2XsF60092Xs1292X912+42X4F5,042X9Fhal)
READ(S46) X(M)yPINF(M)yNPREF(M),Z(M),00(M);CFFLAGIM)
7 FORMATI(///1446H X PINF REF 14 oD CFFLAG)
WRITE(6,7)
A FORMAT(S5X Fbade2X s Fbads2Xs1293Xy1292X4F5e344X4Féaly//)
WRITE(6+8) X(A)yPINF(M) NPREF(M)42(M)00(MI,CFFLAGIM)
10 FORMATI5X,21H R \J PT=POREF,/)
WRITE(&,10)
DP=2(M)
DO 12 R=1,0P
9 FORMATI2F1Ce0)
READIS:9) YIMyR)P(M4R)
11 FORMATI(6X,12¢3XyF5.343XyFbad)
12 WRITE(G,11) RyY(M4R)yPIMyR)
13 CONTINUE
WRITE(6,3)

C: STATIC PRESSURE DISTRIBUTION DATA

14 FORMAT(5X,32H I PO(I) 1 POLIN)
WRITE(6414)
00 17 J=1,24
LaJ+24

15 FORMATIS5X,FBs0924X+FT.0)
READ(5,15) PO(J),PO(L)

16 FORMATI(SXy12+3XsFTu%sBXs1293X,FTo4)
WRITE(6416) JoPOLJ) L, POIL)

17 CONTINUE

D: SETUP DATA

18 FORMAT(TFB8+04F4s0)

READ(5,18) TAMB:TG+TROT,PBARsRHUM,PROT,PTOTAL,CMFLG
19 FORMATU(//,5Xs55HTAMB T6 TROT PBAR RHUM PROT PTOTAL

LCMFLG)

WRITE(6,19)
20 FORMATISX F5.429FTa3¢2XyF5.2902XyF5298XyFhe291XoFSalglXoFTobhs2XeFb,

11)

WRITE(6+20) TAMB,TG,TROT,PBAR,RHUM,PROT,PTOTAL ,CMFLG
21 FORMATI(//,5X419H 1 EOLI]) CMLI))

WRITE(6521)

DO 24 I=1,24
22 FORMATI3X,2F10.0)

READ(5422) EO{I)HyCMII)
23 FORMATISX,I1244XsF5.343XyF5.2)

WRITE(6,23) I1,EQ(I)CM(I)
24 CONTINUE

1Ve CALCULATION OF FLUID PROPERTIES AND ASSOCIATED CONSTANTS

A: CONVERSION OF THERMOCOUPLE DATA
IF(TGeLTo100) TG=A+B#SQRT(C+C2*TG)#49,93
IF(TROT4LTe10.0) TROT=A+B*SQRT(C+D*TROT 1449,93
TROTA=TROT +460.0

B: CH20 CORRECTS DENSITY OF H20 FROM 62,4266 FOR AMBIENT TEMPERATURE
CH20=0, 99732-0.0001395% (TAMBE-75.0)

C: PRESSURE CONVERSIONS
PAMB=PBAR®211640/29.96

PROTA=PBAR+PROT/25.4
PROTAB=2116.,0*PROTA/29,96
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D: MIXTURE COMPOSITION 1S DETERMINED FROM RELATIVE HUMIDITY AND USED
TO GET MIXTURE GAS CONSTANT RM VIA PERFECT GAS ASSUNPTION

I'_:ﬂt‘\ﬁ

DO 25 N=1,9
IFITEMP(N)+GELTAMB) GO TO 26
25 CONTINUE
26 T=TEMP(N)
EPS=T=TAMB
VAPH=PSAT(N)
VAPL=PSAT(N-1)
VEPS=VAPH=VAPL
RHOH=RHOSAT(N)
RHOL=RHOSATI(N=1)
REPS=RHOH-RHCL
RHOV=RHOL+(10,0-EPS)*REPS/10,"
RA=53,3
PVAP=RHUM® {VAPL+10.0-EPS )»VEPS/10.0
RHOA=( ( PAMB=PVAP) / (RA*(TAVB+460,0) ) +(RHUMSRHOV ) )
MVaRHUM®RHCV/RHOA
MA=],0-4V
RM=1545,0%(MA/28, 9+MV/18.C)

c

C V. PROCESSING CF FREESTREAM CATA

c
DO 27 I=1,48
QHOGII ) =(PAMB+5,20%P0( 1)) /IRM®*(TG+460,0))
VISCG{1)=(11.040,C175%TG)/(1C00000,0#RHOG(I))

27 UGLI)=SQRT((64,34% (PTOTAL-PD(I))*(62,4*CH20/RHOGITNNI/12,0))

DUDX(L1)=(UG(2)=UGIL) ) /(XS5(1)/12.,0)
K(1)=VISCG(1)*DUDX (L )/(UG(L)®UGIL))
REXI(1)=UGIL)*XS(1)/(12.C*VISCG(1))
DD 28 I=2,47
DUDX(1+=12,0%(UG(T+1)=-UG(I=1))/(XS(I+1)=XS(]I=1))
K(T)=VISCGLIN=OUDX(T)/(UGLTII*UG(T))

28 REX{1)=uGlI)®XS(1)/1(12,0*VISCGII))

VI. DETERMINATION OF PLATE TEMPERATURES AND MASS INJECTION RATES

OO0

R A I S RS T e

DU 34 J=1,24

TO(J)=A+B*SQRT(C+D*EQ(J))

TAVGIJ) =TO(J)449,9T=12.6E=04%TO(J)=32,0E-062TO(J)I=TO(J)
MDOT(J) =0,0

IFICM{J1.LE«0,0) GO TO 84

IF{JsEQsNPLATE) CMFLG=1,0-CHFLG

IF(CMFLGoLE-0,0) GO TO 29

X

LARGE ROTAMETERS: NEW FIT FCR FACTORY CALIBRATION PLUS/MINUS 0.3%
WSTDJ=(0,6040,752%CM{J) =0, 50*«SINICM{J)*3,1417/25,0))%0,075/60.,0

GO TO 30
SMALL ROTAMETERS: NEW FIT FOR FACTORY CALIBRATION PLUS/MINUS 0,.3%
29 WSTDJ=(0s175¢0,13091%CM(J)=0.06T*SIN((CM(JI=2,0)23,141T7/21.,0))%
10.,075/60,0

30 WSTD(J)=WSTDJ

o0 O OO0

s Pagg

f—— |
cono o

ROTAMETER FLOW CORRECTED FOR DENSITY TO YIELD ACTUAL FLOW, THEN
CORRECTED FOR PLATE POROSITY VARIATION

-3 WACT(J)=WSTOLJ)*SQRT((PROTAB/ (RMSTROTA®0,075)) )
IF(PROT+GTe=0,01) MDOT(J)=WACT{J)®{KFLOWIJ)+KFUDGE(J))*2,01258
IF(PROT.LE,=0,01) MOOT(J)==WACT(J)*(KFLOW(J))®2,01258

f—
(2]

34 JI=2%)-1
RHOZRO(J) =(PAMB+5,20%PO(JI) )/ (RHS{TAVG(J) +460.0))
FLJ)=MDOT(J)/(UGLJIV®RHOGIJI))

34 VIERO(J)=MDOT(J)/RHOZRO(J)

e ===
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C vlls CALCULATICN OF PROFILE VELNDCITIES AND ASSOCIATED PARAMETERS
c

anoo

aooo

o0

600
601

A

T

3l

61

40

32

33

DC 38 M=)1,S

NP=NPREF (M)

IF(X(M) oGELXSIMP)) DDP(M)==(POINP+]1)=POINP)I®{X(M)=XSINP))/
LUXSINP+1)=XSINP))

IF(X({M)oLTeXSINP)) DOP(M)=(PO(NP)=PO(NP=L) ) ®( XSINP)=XI(M))/
LIXS(NP)=XSINP=11))

YOUM)=Y(M,y1)

IFIX{M)oGEeXSINP)) RHOU=RHNG(NP ) #{ RHOGINP+1 )=RHOGINP ) )= (X(M)--XESI NP
1)) /UXSINP+1)=XSINP))

IFIX(M)eLTaXSINP)) RHOUsRHOG(NP=1)+{RHOG(NP)=RHOGINP=1))®(X(M)~
IXSINP=1) )/ (XSINP)=XS(NP-1))

UGG(M)=SQRT(( 64 34* (PINF(MI+DCPI(M) )®(562,4*CH20/RHOUDI/12.0) )
IFIX(M)oGEXS(NP) ) KM(MI=K(NPI+(K{NP+L )=K(NP) I ®(X{(M)=X5{NP} I}/
LIXS(NF+1)=XS(NP))

IF(X{M)oLTe XSINP)) KMIM)sKINP=1)+(K(NP)=K(NP-1) )®(X(M)=XSINP=1))/
LIXSINP)=XSINP=1))

DN &60C Ji=1,24

XJi=J1

XPLD=4,0%XJ1

IFIX(M) 4 LT« XPLD) GO TO 6C1

CONTINUE

MDOTM(M) =MDCT(JI)

VZEROM(M)=VZERO(JI)

FM(M)=MOCTM (M) / (RHOUSUGGINM))

t ABSOLUTE VELOCITIES AND ASSOCIATED PARAMETERS

DP=Z(¥)

DO 33 R=1,0P

PIVMsR)=P(MsR)+DOP(M)

U(MyR)=SQRT( (644 34%P (M RI*(62.4*CHZO/RHOUI/12:0) )

OTAL HEAD READINGS CORRECTEC FCR VISCOUS EFFECTS

VISC(M)=(11.,040,01L75#TG)/ 1000000+ 0*RHOU)
REP=U(M, R)I*RAD/(12,0#VISC (M)
CP2=1.,000

IF(REP+GT4100.7) GC TO 61

REP1=REP

IF(P(MyRIsLE«0.,001) GO TO 61
CP1l=1,020-0.566/SQRT(REPL)+3,530/REP1
REP1=REP/SQRTICPL)
CP2=1,020-0,566/SQRT(REP1 ) +3,530/REP]
REP1=REP/SQRTICP2)

DCP=CP2-CP1

IFIDCP4G140401) GO TO 31
UIMsR)=U(MyR) /SQRT(CP2)

UUGIM RI=U(M,RIFUGG(M)
Y(MeR)=Y(MsR)I=YO(M)+0OD(M) /2,0

ISPLACEMENT, MOMENTUM, AND BOUNDARY LAYER THICKNESSES CALCULATED

IF(RsLEs1l) GO TO 40

IFIUUG(MyR ) oGEeOe 9Ta ANDs UUGIMsR 1o LEe0s99) DELL(M)=Y(MoR)
IFIUUG(MyR) oGE+De9TeANDoUUGIMyR ) oLEs 00 99) DEEL(MI=1,0-UUG(M.R)
IFIUUG(MyR)eGEeDe 994 ANDoUUG(MyR=11eLEe0s99) DEL2(M)=Y(M,R)
IF(UUG(MIR) «GEo 00 99 ANDs UUGIMyR=11oLEeO0s99) DEE2(M)=1,0-UUGIMsR)
IF{ReGTol) GO TO 32

SUML(MsR)=UUGIMsRI*Y(M,R) /2,0
SUM2(MsRI=UUGIMsR ) *UUGIM,RI®Y(M4R) /2,0

GO TO 33

SUML{MyR) =SUML(MsR=114#(UUGIMyR)+UUGIMsR=1 DI ®(Y(MyRI=Y INeR=1))/2:0
SUM2(MsR)=SUM2 (MyR=1)+(UUGIMsRIMUGIMsR)+UUGIMyR=1) *UUG(M4R=1) ) *
LIYIMyR)=Y(M4R=1))/2,0

CONTINUE
DEL(M)=DELL(M)+({DEL2(M)=DEL1(M))*(DEEL1(M})=0.010)/(DEELI(M)=DEE2(M))
DELTLI(M)=Y(M,DP)=SUML{M,DP)

DELT2(M)=SUML(M,DP )=SUM2( M,DP)

HIM)=DELTL1 (M)/DELT2 (M)

REDEL2(M)=UGG(M)I*DELT2(M)/(VISCIM)*12,0)
REXUGGIMI=UGG(MI*X (M) /IVISCIMI*12,0)

00 90 R=1,0P

YDEL(MsR)=Y (MsR)/DEL (M)
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B: DETERMINATION OF CF/2
CALCULATION OF CF2M|

CF2M1(M)=0,0
IFICFFLAGIM)oGT40s0D) CFZMI(M)=REDEL2(M)®(HIM)+1,0)8KM(M)=FM(M)

CALCULATION OF CF2SL ANC CF2SL2

TF(MDOTM(M) LT+ 00001, AN MDOTM(M)4GTo~0.0001) GO TO 35
CF2SLIMI=KMIM)/FMIM)+(FM{M)®UUG{My1 )=KM(M )*REXUCGIM I=Y(M,y 1) /XIM))
1/(EXP(FMIMI®REXUGGIMI®YIM,1)/XIM))=1,0)
CF2SL2(M)=KM(M) /FM(M)+(FM(M)SUUGIM 2 )=KM{MI®REXUGGIM )oY (M, 2) /X(™))
L/ZUEXP (FM(M) *REXUGGIM)I®Y(M;2)/X(M) )=1,0)
GO TO 3%

35 CF2S5LIM)=UUGIM 1)/ (REXUGGIM)®Y (M, 1)/X(M))+0:5*KNI{M)SREXUGGIM)*
1Y(M; 1) /7X(M)
CF2SL2(M)=UUGIM42) /(REXUGGIMI®Y(My2) /X(M) )#0, 58K (M) *RE XUGG (M} =
1Y(My2) /X(M)

36 CONTINUE

38 CONTINUE

CALCULATION OF CFMIC?

CFFLAGI(S+1)1=0.0

DO 2001 M=1,S

IF(CFFLAG(M)oLE.Ds0) CFCORR(M) =040

IFICFFLAGIM)4LELO40) GO TO 2000

IF(CFFLAGIM+1),LE.040) GO TO 1000
CFCORR(M)=REDEL2(M)*({ (ALOGIREDEL2(M) )-ALOGIREDEL2{M+1)) )/ {REXUGG(M
1)=REXUGGIM+1)) ) *(REXUGG(M)*KM{M)+1,0)

GO TO 2000

1000 IF(M.EQe.1) CFCORR(M)=0,0

IF(M.EQs1) GO TO 2000

IF(CFFLAGIM=1)eLEcD<0O) CFCORRIM)=0,0

IF(CFFLAGIM=1),LE+Q.0) GO TO 2000
CFCORR(M)=REDEL2(M)*( (ALOG(RECEL2(M=1) )-ALOGIREDEL2(M) ) )/{REXUGG (M
1=1)=REXUGG(M) ) )®(REXUGGIMI*KM{M) +1,0)

2000 CONTINUE
2001 CFMICR(MI=CF2MI (M) «CFCORR(M)

C: DETERMINATION OF CORRESPONDING VALUES OF Ue, Y+, P+, AND VO+¢

DO 3001 M=1,S

VPLUSL (M) =FM(M) /SQRT(CF25L(M)}

PPLUSL(M)==1,0#KH(M) /{ICF2SLIM)*SQRTICF25LIM)))

VPLUS2(MI=0.0

PPLUS2(1)=0.0

IFECF2MI(M) 25T e00) YPLUS2(M)=FM{M) /SQRT(CFMICR(M) )
IFACF2MI(M)oGTo0e0) PPLUS2(M)==1o,0#*KM({M)/(CFHICRIM)®SQRTICFMICRIM)
1)

OP=1(M)

DO 25 R=1,0P

UPLUSL(MyRI=UUGIMsR}/SQRTICF2SLIM))
YPLUSL(MyR)=Y({MoR)®REXUGG{MI®SQRTICF2SLIM)I/X(N)

UPLUS2(M4R)=0,0

YPLUS2(M,R)=0,0

IF(CF2MI(M) oGT 4000 UPLUS2(M,RI=UUGIM,R)/SORTICFMICRIN))
IFICF2MI(M)oGTo0:0) YPLUSZ2(M,RI=Y(MsR)*REXUGGIMI=SQRT(CFMICRIMII/
LX(M)

37 CONTINUE

3001 CONTINUE
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VIIIe PRINTING TF (ALZULPTED QUANTITIES
Ae SETUP TATHA

WRITE(S,7)
56 FORMATITY,12HEUN NUYBER: (lAalH=411)
WRITELA,56) DPFTF,SUNND
5T FORMATU//7,4)10,6HTGASE 4FSe2s2F "oAX AHRMHUME ,F&4e2,8Y,19HMDCT= LOM/
LUSEC=FT2) 4/ /)
WRITE(6,5T) ThyRHUW

53 FCRMAT(TTH 1 X TOAVGII) utn puDXIL ) il
1 MDATLL) FLI))
dR1TE(6,58)
1Jx=]1
B9 FORMATIINy3HING oSXyTHIDEG F) &YX yAHFT/SEC&X,TH L/SEC /)
WRITE(&,A9)
59 FORMATIIN g 129 3N gF5.2 s M yFS5a2 b X pFba N oFbhadgIN ELNL 33N FTad 4% ,F
18.5)

WRITELA,59) TJKXSTTIK) o TAVGITIJIK)oUGETIK) oDUDXITIKD yK(IJK D,
LMDOTCIJKD R FLTIK)
0O 81 I=1,23
1J=2#1
TJK=1Jd+1
LK=(1JK+1)/2
60 FORMATIIN,T253X-"54241503F64216X4Fb6a3,3XELNLT)
WRITE(6,5)) TJ4X30TJ0,UGITJ),,0UDXLTIN,KIL D)
WRITE(5,59) TJKyXSUIJK)TAVGILK JyUGITJIK ) DUDXTT IR KITJIK) 4MDOTILK
11 ,FILK)
81 CONTINUE
WRITEL643)

Be SUMMARY OF PROFILE PARAMETERS

51 FORMAT(//77/7777/42%41TH RUN NUMBER: +1641H-41I1)
WRITE(6,51) DATE, RUNND
52 FCRMATU(//,112H M X NREX UGG K F
1 DELT2 NREDELT2 H DEL CF2(5L) CF2(MI,C))
WRITEl&,52)
53 FORMATIL1OXs3HT Yo s LTXyO6HFT/SEC 922X 3 3HINg 925X 3 3HING /)
WRITE(6,453)
D0 55 M=1,°¢
54 FORMAT(3Xs. i) cFbheI3 3NG4 ETa 30?2 N yFha2slXsELlD 321X FRa52XsFbahsbY,y
LF6aly3X4F5a3149a9F5e393X3FT7.513%4FTa51)
WRITE(6+454) My X(M) REXUGGIM? ;UGGIM) yKMUM) FM(M) ,DELT2(M),REDEL2( M)
LyH(M),DEL(M),CF2SLIM),CFFICRINM)
55 CONTINUE °
WRITE(6,3)
WRITE(6,51) DATE, RUNNO
1005 FORMATI(//»111H N X NREX K NREDELT?2
1 CF2(SL, 1) CF2(SL+2) CF2(MI A} CORR. CF2IMIC))
WRITE(6,41005)
1006 FORMATI(L13H INe o)
WRITE(6,1006}
1COT FORMAT(4Xy1293X4F6a3 92X 9ESe312XsELNa3yoXyFTel y5X FTa55XsFTa5:6%,
LF Te514XyFBa5:5X4FTe5)
DO 1008 P=1,5
WRITE(64+1007) P, X(M)REXUGGIM) ;KMI{M) ,REDEL2(M) ,CF2SL(M),CF25L2(M™),
LCF2MI(M),CFCORR(M) 4CFMICRIM)
1008 CONTINUE
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C C: INDIVIDUAL PROFILE DAT}
o
DO T¢ 4=]1,5
WRITE(6,3)
WRITE(&456) DATE,RUNND
75 FCRMATI(3IW )
WRITE(6,75)
62 FORMATISXy3HM= 11 ,3Xs3HX= FéeIsaH [NeoINSHIGG= (Fbe2yTH FT/SFI,
18X THDELT2= o Fbady4H INo o IN,FHCF2(SLI= 4FTe5:5411HPPLUSISL )= ,FA,
251
MRITE(6462) MyX(M) JUGGIM) 4DFLT2(M)CF2SLUM) ,PPLUSLIM)
63 FORMATIL2X43HK= JEL1C3,3Xs6HACOT= FTo4,13¢ LBM/FT2=SEC ,10HNRENEL
1T2= yFbal 4Ny 9HCE2(MINm (FT,35,5X,15HVIEROPLUSISLI= FR, 5}
WRITE(6+63) KMIM) ,MDOT™(M)REDEL2(M) ;CF2MI (M), VPLUSL (M)
64 FORMATI12X,3HF= ,FB.5,5Xy THVZERO= LFa3.5+TH FT/SEC &N ,3HH= F5,3,12
IXIOHCF2(MIC )= FT,5,4X,13HPPLIUSI(MIC)= ,FB8,5)
WRITE(6464) FMI(M),VZEROM(M),HIM),CFMICRIM),PPLUS2(™)
65 FORMAT(28X,6HNREX= 2E9.3 411X 5SHDEL= ,F5,3,31X,1THVZEROPLUSIM],C)=
1+F8.5:/7)
WRITE(6465) REXUGGIM™),DEL (M), VPLUS2(M)
66 FORMATISX,110H R Y u YDEL wG YPLUS
1(SL) UPLUS(SL) YPLUS(MI) UPLUSINMI) SuUM1 Sum2)
WRITE(6.66)
6T FORMATILANy IHING v 4 Xy 6HFT/SEC »S1 X THICORR, ) 34Xy THICORRG ) o TX o 3HIN. o T
1%y 3HIN )
WRITE(646T1)
WRITE(6,T75)
DP=2(M)
ISKIP=5
DO 69 R=1,0P
68 FORMATISX 12 p6XoF6ebs3XsFbo2s6X3FbabyINsFbehrbXosFTo2s4X3F5.2:8X,FT
Lle2v4XyF5,2sTXyFTa5:3IXsFTa5)
WRITE(6+68) Ry YIM;R)UIMR),YCELIM;R),UUGIM,R), YPLUSLIM,R) ,UPLIE]L
LEMoR) yYPLUSZ2({MyR) JUPLUSZ2{MR) ySUMLIM,R) ,SUM2(N,R)
IF(RLLTLISKIP) GO TO 69
WRITE(6,75)
ISKIP=13KIP+5
69 CONTINUVE
70 CONTINUE
HWRITE(643)
Cc
C IXe PUNCHING OF CALCULATED QUANTITIES
c

200 FORMATI(IOs1XyIlolXyIlylXyFbe39ELOa3 s 1XoFBaS5s 1 NsFba2s1NsFTahy1X,F
185:1X:E9:3)
204 FCRMAT(Foo4ylXyFbele1XyF54341XyF5.3)
205 FORMATIFTe5slXsF8aS5 sl NoFBaSs 1N FTeS5:10,FB5,1X,FB8,.5)
2011 FORMATIFTo5p1X FB8sS5e1XsFTa591%,F3.0)
201 FORMATUI201X FbadslXsFba2s 1N sFbad ol N oFbebslXsFTa2e1XoF5:,201%4F7. 2,
lll.F5.2.th?-5.l!-F?.§l
DO 203 M=]1,5
PUNCH 220, DATE,RUNNO,M;X{M),KM(M),FH(M),UGGIM),MDOTMIM) , VZIEROM( M}
1oREXUGGIM)
PUNCH 204, DELTZ(M),REDEL2(M),H{M)DELIN)
PUNCH 205, CF2SLUIM),PPLUSLIM)VPLUS] (M) ,CF2M] (M) PPLUS2(M),VPLUS2(
iM)
IFICFZNI(M)EQe0.0)SFLAGINI=0.0
TF(CF2MI(M)oNE20aO) SFLAGIM)I=1,0
PUNCH 2011, CF2SL2(M),CFCORRIM)CFMICRIM) ,SFLAGIM)
DP=Z(M)
DO 202 R=1,DP
PUNCH 201y RyY(MuR) JU(MyR ), YDEL{M,R),UUGIM,R) ,YPLUSL1IN,R) ,UPLUSL (M
LoRIoYPLUSZ2(M,R) yUPLUSZIMsR) SUMLIMsR),SUM2IM,R)
202 CONTINUE
203 CONTINUE

c
IF{RUNNO.LT.5) GO TO 2
RETURN
END
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APPENDIX C
SUMMARY OF SEMI-EMPIRICAL REPRESENTATIONS OF DATA

a) Assumed mixing length distributions:

i. Two-layer model

¥y < yz £ =0
yo/0 < y/8 < Mx £ =xy (x =0.44)
¥/8 > Mk L = A6

1i. Continuous modified Van Driest model

y/6 < Mk )

ky | 1 - exp( ™

AD

y/e > Mk L

b) Truncation of mixing length:

-1/8
N = 0.25 Reg, (1-67.5 F)

where A is truncated at a value of 0.085,

c) Shear stress distribution assumed in inner regions of

layer:

+ _ +F + + 1 U_
T =1+4+1T Vﬁ +py |l - v (U ) dy
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d) Correlation of ¥ =yfJ/ 1" and A, with V) and p' :

+ + +y_+
= 1l = VvV 1
¥ ?c|p+=0[ Q ( WP
+ .+
A, = A (1 - Qu(V))p"]
* *|p+=0 W
where
+ +
¥ I = 11,0 ~ 18.0 ‘¥
c p+=0 W
+ +42 +
26.0 - 88.0 v, + 110.0 (vw) v, 20
A*l W=
P’0  |26.0 - 88.0 v} +210.0 (v 1 F<o

and the functions Qy(V:) and Q*(v:) are given by

v: Q) )
-0.08 63.3 203.0
0.0 19.7 45.0
0.005 18.0 39.6
0.01 16.6 35.7
0.015 15.7 32,2
0.02 15.0 29.8
0.025 14.5 27.1
0.03 14,1 24,9
0.03% 13.8 23:1
0.04 13.6 22.0
0.04% 13.4 20.9
0.05 13.2 20.0
0.06 12.8 19.0
0.4 3.2 3.4
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